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Abstract 
Restless legs syndrome (RLS) is a sensory-motor disorder characterized by abnormal 
circadian rhythm with an increase in the severity of sensory and motor symptoms at night. 
Even though many neurological diseases have shown a strong nexus between motor and 
cognitive symptoms, to date, cognitive functions especially cognitive control in RLS has been 
poorly understood. Given that cognitive control is a key to leading a self-serving and 
successful life, including many aspects of employment, social life, and attaining long-term 
goals, this thesis aimed to examine cognitive control and the underlying mechanisms in RLS.  
Thalamic gamma aminobutyric acid (GABA), which has been linked to RLS sensory-motor 
symptoms, also plays an important role in cognitive control. Therefore, the potential 
relationship between thalamic GABA level and cognitive control in RLS was examined 
(Study I). RLS patients displayed reduced working memory-based control performances as 
compared to healthy controls. Elevated thalamic GABA was found to attenuate the observed 
control deficits in RLS, even though changes in thalamic GABA levels might not be the 
ultimate causes of these deficits. According to the modulatory effect of thalamic GABA on 
thalamic activity and thalamo-cortical connectivity, relatively higher GABA levels may have 
helped RLS patients compensate for their pathological changes such as thalamic hyperactivity 
and hypoconnectivity, which may underpin the observed control deficits. 
The critical feature of RLS, abnormal circadian rhythm is thought to be related to nocturnal 
striatal dopamine deficiency. Concerning the dopaminergic modulation of cognitive control, 
the circadian variation of cognitive control processes has been investigated (Study II & III). 
RLS patients displayed reduced attentional control (Study II) and automatic response 
activation (Study III) at night, which resulted from decreased activation within the extra-
striate visual cortex, the superior parietal cortex, and the premotor cortex. As there were no 
activity changes within the prefrontal cortex, it is likely that cortico-basal ganglia cognitive 
loops were less prone to RLS. Instead, striatal dopamine deficiency at night may have 
influenced the cortico-cortical functional connectivity and cortico-basal ganglia motor loops 
in RLS.  
These findings not only shed light on the underlying mechanisms of cognitive control, but 
also advance early clinical treatment possibilities for cognitive changes in RLS patients. 
Furthermore, recent insights into daytime-related cognition may help patients develop a 
suitable daytime schedule to minimize the detrimental effects induced by cognitive deficits. 
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CHAPTER 1:  
GENERAL INTRODUCTION 
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1.1 Introduction to restless legs syndrome (RLS) 
Restless legs syndrome (RLS) is a sensory-motor disorder, which is reported to affect around 
7% of the general population (Allen et al., 2005; Garcia-Borreguero, 2006). It occurs more 
frequently in women and affects mostly middle-age and older adults (Ghorayeb and Tison, 
2009). The diagnosis of RLS relies on patient’s symptoms characterized by four essential 
features: (1) an urge to move the legs usually accompanied by uncomfortable and unpleasant 
sensations, (2) onset or worsening of symptoms during the periods of rest or inactivity, (3) 
partial or total relief of symptoms by movements, and (4) worsening of symptoms in the 
evening or night (Allen et al., 2014). This variation in symptoms based on circadian rhythm is 
a key characteristic of RLS (Hening et al., 1999; Michaud et al., 2004; Trenkwalder et al., 
1999). RLS symptoms start up normally in the afternoon or evening and patients experience 
increased motor restlessness and dyskinesia along with sensory symptoms like burning, 
itching or pain. By contrast, these symptoms are reduced or not present throughout the 
morning hours (Allen and Earley, 2001). RLS is often associated with sleep problems (Becker, 
2006; Garcia-Borreguero, 2006) and can significantly decrease patients´ quality of life 
(Becker, 2006). Aside from sensory-motor symptoms, there has also been evidence of 
cognitive dysfunction in patients with RLS (see chapter 1.3 for more details). 
 
1.2 Pathophysiology of RLS 
Genetic variation (Moore et al., 2014; Thireau et al., 2017; Vilariño-Güell et al., 2008; 
Winkelmann et al., 2007, 2011), as well as metabolic (Allen et al., 2001, 2013a; Earley et al., 
2006a; Godau et al., 2008; Mizuno et al., 2005; Rizzo et al., 2013), neuroanatomical (Hornyak 
et al., 2007; Ku et al., 2014; Unrath et al., 2007) and biochemical factors (Allen et al., 2013b; 
Allen, 2015; Earley et al., 2011; Rizzo et al., 2012; Winkelman et al., 2014) have all been 
thought to contribute to RLS. Even though the pathophysiology of RLS is not fully 
understood, evidence implicates thalamic abnormalities (Allen et al., 2013b; Etgen et al., 2005; 
Gorges et al., 2016; Ku et al., 2014; Winkelman et al., 2014) and dopaminergic dysfunctions 
in RLS (Allen, 2015; Allen et al., 2009; Cervenka et al., 2006; Earley et al., 2011; Michaud et 
al., 2002; Turjanski et al., 1999), which are outlined in the following sections. 
 
1.2.1 Thalamic pathophysiology of RLS  
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Changes in thalamic activity and connectivity as well as neurotransmission have been 
consistently reported in RLS patients. RLS patients have demonstrated increased thalamic 
activity, as evidenced by higher blood oxygenation level dependent (BOLD) responses in 
functional Magnetic Resonance Imaging (fMRI) (Astrakas et al., 2008; Bucher et al., 1997; 
Ku et al., 2014; Margariti et al., 2012; Rizzo et al., 2012). Additionally, functional 
connectivity in the sensory thalamic network, thalamo-striatal pathway and thalamo-cortical 
pathway was altered in RLS patients, which has been linked to RLS symptoms (Gorges et al., 
2016; Ku et al., 2014). With respect to thalamic neurotransmission, a recent study showed that 
thalamic gamma aminobutyric acid (GABA) levels were positively correlated with the 
severity of RLS symptoms, even though there were no differences between RLS patients and 
healthy controls in terms of overall thalamic GABA concentrations (Winkelman et al., 2014). 
The functional relevance of GABAergic signaling in RLS has also been underlined by 
anticonvulsants in RLS treatment (Trenkwalder and Paulus, 2010). Anticonvulsants like 
gabapentin or pregabalin which mimic the inhibitory effect of GABA via their effect on 
calcium channels are able to reduce RLS symptoms (Griffin and Brown, 2016; Kim and 
Deeks, 2016; Winkelman et al., 2011). Further research is required to understand the effects 
of other neurotransmitter such as glutamatergic activity in thalamus. While enhanced 
glutamatergic activity was found in one study (Allen et al., 2013b), the same results could not 
be replicated in another study (Winkelman et al., 2014). As there are no pronounced thalamic 
lesions or astrophy in RLS patients (Provini and Chiaro, 2015) and neurotransmission affect 
both functional activity and connectivity, GABA signaling could play a central role in the 
thalamic pathophysiology of RLS (Huguenard and Prince, 1994; Sherman, 2006, 2001; von 
Krosigk et al., 1993; Young et al., 1995). 
 
1.2.2 Dopaminergic pathophysiology of RLS 
1.2.2.1 Dopaminergic dysfunctions in RLS 
The first evidence for dopaminergic dysfunction in RLS came from clinical treatments 
showing that low doses of L-3,4-dihydroxyphenylalanine (L-DOPA) and dopamine (DA) 
agonists effectively reduce RLS symptoms (Hening et al., 1999; Trenkwalder et al., 2005; 
Trenkwalder and Paulus, 2010). In contrast, DA antagonists such as metoclopramide 
exacerbate RLS symptoms and reverse the DA agonists treatment benefits (Allen and Earley, 
2001; Winkelmann et al., 2001). The benefits of dopaminergic treatment led to a general 
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assumption that RLS patients suffer from a significant brain DA deficiency. Surprisingly, 
most studies have shown contradictory results indicating increased presynaptic DA level in 
RLS. Elevated 3-O-methyldopa (3-OMD), one of the most important metabolites of L-DOPA, 
was found in cerebrospinal fluid (CSF) of RLS patients, reflecting increased DA synthesis 
(Allen et al., 2009; Earley et al., 2006b). Additionally, tyrosine hydroxylase (TH) activity, 
which promotes the synthesis of DA (Iversen et al., 2008), was enhanced in patients with RLS 
(Allen et al., 2009; Connor et al., 2009). Also, D2 receptors (D2R) (Earley et al., 2013; 
Michaud et al., 2002; Turjanski et al., 1999) and membrane-bound DA transporters (DAT) 
(Earley et al., 2011) responsible for reuptake of DA into the presynaptic neuron (Iversen et al., 
2008) were decreased in RLS patients, suggesting excessive presynaptic DA in the striatum. 
Moreover, D2Rs densities have been demonstrated to be negatively correlated to pre-morbid 
RLS severity (Connor et al., 2009). In contrast to consistent findings of reduced D2Rs, D1 
receptors (D1R) levels remain unaffected in RLS patients (Connor et al., 2009). Together, 
increased DA synthesis and reduced DA receptors (i.e. D2R) indicate excessive presynaptic 
DA level in RLS, not the expected decrease. This poses the question: if DA levels are already 
excessive in RLS patients, how can enhancing the DA levels further by L-DOPA or DA 
agonists reduce the symptoms? 
 
1.2.2.2 Circadian metabolism of dopamine and its effect on RLS symptoms 
To resolve the contradiction between benefits from dopaminergic treatment and increased 
presynaptic DA in RLS, circadian aspect of both dopaminergic metabolism and RLS 
symptoms should be taken into account (Baier and Trenkwalder, 2007; Hening et al., 1999). 
Diurnal DA variation is characterized by a peak in the morning and nadir in the evening 
(Domínguez-López et al., 2014; Kawano et al., 1990; Michaud et al., 2004; Wilkes et al., 
1981). Compared to healthy controls, RLS patients showed larger circadian variations in 
dopaminergic activity, characterized by a more strongly elevated level of presynaptic DA in 
the morning than at night (Barrière et al., 2005; Earley et al., 2006b; Garcia-Borreguero et al., 
2004; Michaud et al., 2004). Increased presynaptic DA is assumed to be able to evoke 
compensatory processes leading to postsynaptic desensitization (Grace, 1991; Volkow et al., 
2017, 2001). Chronic stimulation with D2 agonists has been shown to lead to decreased 
receptor concentration (Ginovart et al., 1999; Stanwood et al., 2000). Therefore, the reduced 
D2Rs in RLS may be a result of postsynaptic adjustment to excessive presynaptic DA level 
(Allen, 2015). The downregulated receptors may act to optimize the dopaminergic activity 
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during the daytime when the presynaptic DA level strongly increases, but the reduced 
receptors may induce postsynaptic DA deficiency at night when the presynaptic DA level 
remains low (Allen, 2015)(see figure 1). The occurrence of RLS symptoms is then thought to 
result from DA deficiency at night. Low doses of L-DOPA and dopaminergic agonists which 
target the D2-like receptors and are usually taken in the evening, help reduce the RLS 
symptoms by enhancing the DA level at night (Earley et al., 2017) (see figure 2).  
 
 
 
 
 
Figure 2 Circadian variations of 
RLS symptoms and involved 
dopaminergic pathophysiology: This 
figure denotes circadian variations of 
RLS symptoms and its relationship 
to postsynaptic DA deficiency at 
night. Dopaminergic treatment (e.g. 
L-DOPA) enhances the postsynaptic 
DA level at night and thereby 
reduces the RLS symptoms. 
Figure 1 Illustration of the downregulation theory: This figure illustrates the downregulation 
theory put forward by Allen (2015). Elevated presynaptic DA levels in RLS are assumed to trigger 
striatal downregulation processes (i.e. downregulated D2Rs). The downregulated receptors may act 
to optimize the dopaminergic activity during the daytime when the presynaptic DA level strongly 
increases, but the reduced receptors are likely to result in postsynaptic DA deficiency at night when 
the presynaptic DA level remains low.  
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1.3 Cognitive control in RLS 
Previous neuropsychological tests have demonstrated that RLS patients exhibited decreased 
performances in cognitive domains including attention, verbal fluency, mental flexibility, 
decision making and memory as compared to healthy controls (Celle et al., 2010; Fulda et al., 
2011, 2010; Galbiati et al., 2014; Pearson et al., 2006), which are thought to be strongly 
related to prefrontal cortex (PFC) functions (Jung, 2015). In addition to standard 
neuropsychological tasks, a few recent studies have investigated cognitive processes in RLS 
by means of event-related potentials (ERPs). The ERP studies showed that the decreased 
performance of RLS patients in visual oddball (Jung et al., 2011) and working memory tasks 
(Jung et al., 2015; Kim et al., 2014) was associated with reduced P300 amplitude at frontal 
and parietal regions indicating impaired attentional processing, context updating and 
dysfunctions of frontoparietal networks (Kok, 2001; Linden, 2005; Polich, 2007). Less 
efficient cortical information processing has also been suggested in RLS due to the reduced 
interregional neuronal synchrony (Choi et al., 2012; Potts and Tucker, 2001).  
In spite of documented cognitive impairments in RLS, the bulk of RLS research remains 
focused on the motor function due to the clinically predominant motor symptoms. Cognitive 
functions, particularly cognitive control, are still less investigated in RLS patients, especially 
by means of more sophisticated methods like electroencephalography (EEG), which provides 
excellent temporal and modest spatial resolution. Moreover, the pathological mechanisms 
underlying cognitive control deficits in RLS paitents are largely unclear. Cognitive control is 
essential to nearly every aspect of life, including mental and physical health, success in school 
and in life, and cognitive, social and psychological development (Diamond, 2013; Fellows, 
2017). As Lezak (1982) noted, “impairment or loss of cognitive control compromises a 
person’s capacity to maintain an independent, constructively self-serving, and socially 
productive life”. In that sense, the cognitive control of RLS should not be ignored when 
aiming to improve the quality of life of patients. Owing to the importance of cognitive control, 
the next section will provide a general overview of the functions of cognitive control and how 
it can be measured. 
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1.4 Cognitive control and assessment 
1.4.1 Cognitive control and major component processes  
Cognitive control, or executive function1  is broadly defined as the ability to volitionally 
control our behavior and flexibly adapt to changing environment, which enables us to pursue 
our goals (Cohen, 2017; Cools and D’Esposito, 2011). Cognitive control is a multifactorial 
phenomenon, or as Diamond (2013) described, “a family of top-down control processes 
employed when concentration and attention are needed, when relying on instinct, intuition or 
automatic processes would be ill-advised, insufficient, or impossible”. Even so, sophisticated 
theories and models have been developed to try to specify the distinct components of 
cognitive control. Using confirmatory factor analysis, Miyke et al. (2000) identified three 
subfunctions: updating, inhibition, and shifting, which are moderately correlated with each 
other, but also separately contribute to cognitive control performances. Up to now, the 
conception of distinct executive sub-processes has been widely accepted. Based on a recent 
review (Diamond, 2013), cognitive control is assumed to comprise three core component 
processes: working memory, inhibitory control and cognitive flexibility. 
According to Diamond (2013), working memory describes the ability to maintain information 
and manipulate it. It is crucial not only for keeping goals in mind, but also for translating 
goals/instructions into action plans as well as incorporating new information into the thinking 
and action plans. Another core component, inhibitory control is broadly defined as the ability 
to control one’s attention, behavior, thoughts and emotions to overcome a strong internal 
predisposition or external distraction (Bari and Robbins, 2013; Diamond, 2013). Inhibitory 
control of attention (i.e. attentional control) enables us to selectively attend the relevant 
stimuli and inhibit attention to irrelevant competing information (Diamond, 2013; Friedman 
and Miyake, 2004; Nigg, 2000; Posner and Rothbart, 2007). Patients with impaired attentional 
control cannot inhibit their attention from wandering to irrelevant cues in the environement 
(Royall et al., 2002). In contrast to the automatic, stimulus-driven bottom-up attention, 
attention control is top-down, goal-directed and effortful (Andrea Bari and Robbins, 2013; 
Theeuwes, 2010). In addition to inhibitory control at the level of perception, inhibitory control 
at the response level (i.e. response inhibition) helps us prevent or suppress an automatic or 
impulsive response (Barkley, 1997; Friedman and Miyake, 2004; Nigg, 2006, 2000), which is 
                                                          
1
 The term ‘cognitive control’ and ‘executive function’ are usually treated as synonyms. As Cohen (2017) noted, 
“It seems impossible to distinguish the use of ‘executive function’ from the construct of ‘cognitive control’ and, 
at least within the cognitive psychological literature, ‘cognitive control’ has largely replaced the use of 
‘executive function’”. 
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indispensable to resist temptation such as eating chocolate when trying to lose weight 
(Barkley, 1997; Diamond, 2013; Friedman and Miyake, 2004). The term, ‘response selection’ 
is strongly related to response inhibition. Instead of stopping an inappropriate response and 
doing nothing (i.e. response inhibition), response selection refers to the ability of selectively 
suppressing certain responses in order to execute another (correct) response (Mostofsky and 
Simmonds, 2008). Inhibitory control and working memory are closely associated with each 
other. Holding the goal in mind helps know what is appropriate and what should be inhibited. 
At the same time, inhibitory control prevent irrelevant information from the working memory 
workspace (Diamond, 2013). Cognitive flexibility, the last core component, builds on 
inhibition and working memory and can be considered as the most complex cognitive control 
process. It enables us to change perspectives and approaches to problems and flexibly adjust 
to new demands, rules, and priorities. Cognitive flexibility is the opposite of rigidity and often 
related to creativity, efficient task switching and set shifting (Diamond, 2013).  
Characterizing the functions of cognitive control helps explain the role of cognitive control in 
shaping our thoughts and behaviors. However, it does not clarify how the demands of 
cognitive control are evaluated. Botvinick et al. (2001) developed the current cognitive 
control models, which address regulative control processes, with evaluative control processes. 
Conflict monitoring has been considered to be able to signal the demand and determine the 
involvement of cognitive control for the detected conflicts (see figure3).  
 
 
 
Figure 3 Cognitive control and related terms: This figure illustrates how the core components 
interact with each other and the role of conflict monitoring in evaluating the demand of cognitive 
control. 
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1.4.2 Assessment of cognitive control 
There are a variety of neuropsychological assessments of cognitive control. However, it is 
important to note that on the one hand, there are no simple tasks or behavioral assessments 
that exclusively measure the cognitive control. All tasks that aim to measure cognitive control 
strongly implicate other non-executive cognitive processes because cognitive control 
processes necessarily manifest themselves by operating on other non-executive cognitive 
processes (Lezak, 1982; Miyake et al., 2000). On the other hand, although classical cognitive 
control assessments are often multidimentional, no single assessment comprehensively 
measures all facets of cognitive control and each of the “complex” cognitive control 
measurement is differentially contributed by cognitive control components (Miyake et al., 
2000; Royall et al., 2002). Thus, cognitive control is defined with respect to situations or tasks 
where it is demanded. Norman and Shallice (1986) categorized a number of different kinds of 
tasks, which appear to require a considerable amount of cognitive control. Typically included 
are tasks that involve interferences and tasks that are judged to be difficult (high task demand). 
For this reason, two conflict paradigms and one experimental paradigm with varied task 
demand have been used in this thesis to assess cognitive control, and are described in the 
following sections. 
 
1.4.2.1 Cognitive control required for conflicts 
Cognitive control serves conflict resolution. In most experimental conflict paradigms, top-
down cognitive control helps inhibit attentional orientation to distractors or overcome the 
automatic activation of an incorrect response triggered by an irrelevant stimulus or certain 
stimulus features (Botvinick et al., 2001). The Flanker task (Eriksen and Eriksen, 1974) and 
the Simon task (Hommel, 1993) are two typical psychological assessments for cognitive 
control required in resisting conflicts. However, the demanded top-down cognitive control in 
these two tasks is task-specific and cannot be contributed by the same general mechanisms 
(Keye et al., 2009). This may be ascribed to the different conflicts elicited by the Flanker and 
the Simon task, respectively. While interferences arise from competition between the target 
and irrelevant flanker stimuli in the Flanker task (stimulus-stimulus compatibility), conflicts 
originate from an incorrect response tendency automatically activated by the stimulus location 
and the correct response in the Simon task (stimulus-response compatibility). Studies have 
showed that these two kinds of conflicts activate specific brain regions. Brain regions related 
to stimulus processing were more activated for stimulus-stimulus conflict, regions that are 
sensitive to response conflict, response selection, response planning and visuospatial motor 
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association areas were more activated for stimulus-response conflict (Liu et al., 2004). It is 
widely supposed that stimulus-stimulus compatibility has a major impact on a preceding stage 
(i.e. stimulus processing), while stimulus-response compatibility strongly affects response 
selection and visuo-motor transmission (Kornblum, 1994; Simon et al., 1985; Simon and 
Berbaum, 1990; Stoffels and Molen, 1988). Still, in the Flanker task, interferences between 
the responses that are mapped onto the target and distracters cannot be fully excluded 
(Hommel, 2011). The incorrect response tendency caused by flanker stimuli needs to be 
suppressed so that the correct response can be selected (see figure 4). Also, effective conflict 
monitoring could be required to detect the conflicts and to evaluate the control demand 
(Eimer et al., 1995; Ridderinkhof et al., 1995; Wylie et al., 2009). Supporting this, in the 
Flanker task not only the involvement of attentional control which is depicted by the 
increased N1 ERP (Beste et al., 2010; Herrmann and Knight, 2001; Hillyard and Anllo-Vento, 
1998; Luck et al., 2000; Schneider et al., 2012), but also enhanced conflict monitoring and 
effortful response selection have been reported in the conflicting condition (Danielmeier et al., 
2009; Folstein and Van Petten, 2008; Heil et al., 2000; Kopp et al., 1996; Ridderinkhof and 
van der Molen, 1995; Yeung et al., 2004), which are reflected by increased N2 amplitude 
(Folstein and Van Petten, 2008; Kopp et al., 1996; Tillman and Wiens, 2011) and larger P3 
amplitude and longer P3 latency (Donchin and Coles, 1988; Verleger et al., 2005) 
respectively.  
Unlike the Flanker task, the Simon task provides a pure measurement of response conflicts, as 
there are no competing stimuli (Forstmann et al., 2008; Hommel, 2011). The interferences 
between the task-irrelevant stimulus location and correct response only takes place in the 
stage of response selection (Lu and Proctor, 1995; Proctor et al., 1992; Umiltá and Nicoletti, 
1990; Zorzi and Umiltá, 1995) (see figure 4). Automatic response activation (non-executive 
function) is particularly important in the Simon task (Stürmer et al., 2011), as it can determine 
the interferences with the top-down selection of the correct responses. Unfortunately, the 
automatic response tendency for spatial information cannot be directly observed in behavior. 
To access this covert motor activation, lateralized readiness potential (LRP) provides an 
excellent approach. While the location-evoked incorrect automatic motor activation in the 
conflicting condition can be depicted by a positive early initial LRP (e-LRP) (Valle-Inclán, 
1996; Wascher and Wauschkuhn, 1996), controlled response selection can be reflected by the 
subsequent negative LRP (Leuthold, 2011).  
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1.4.2.2 Cognitive control required for adjustment to task demands 
In contrast to most cognitive control paradigms (i.e. conflict paradigms), where the demand of 
cognitive control originates from the conflicts occurring at the level of stimulus processing or 
response selection, the paradigm introduced by Bocanegra and Hommel (2014) does not 
require any cognitive control to overcome the interferences. Instead, cognitive control is 
required for increased task demand (i.e. the complexity of the stimulus-response mapping): In 
the low demand task, relatively little cognitive control is required due to the consistent 
mapping between the target stimulus feature and responses. In contrast to this, the high 
demand task has a variable mapping between features and responses requiring manipulation 
of two task-relevant features (i.e. color and size) in mind, rather than just one (i.e. shape) as in 
the low demand task. On this ground, cognitive control, particularly working memory is likely 
to be more exploited in the high demand task than in the low demand task to keep the 
complex rule in mind, work with information and to translate task instructions to actions (see 
chapter 1.4.1 for functions of working memory). By comparing performances of these two 
tasks, the capacity to copy with the increase in control demands can be examined. The larger 
the performance decease in the high demand task relative to the low demand task, the lower 
the participant’s control capacities, which mainly rely on working memory.  
Figure 4 Conflict paradigms: This figure illustrates that conflicts elicited by the Flanker and the 
Simon tasks require cognitive control on different stages. In the Flanker task, stimulus-stimulus 
conflict requires cognitive control for both stimulus-related processing (i.e. attentional selection 
between Star and Sfla) and response-related processing (i.e. response selection between Rtar and 
Rfla). By contrast, in the Simon task, conflicts originate from automatic response activation elicited 
by stimulus location (Rauto) and correct response (Rcorr) requiring top-down response control. 
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Using these cognitive control paradigms, distinct cognitive control processes can be examined 
in RLS. To further investigate the underlying mechanisms of potential cognitive control 
deficits in RLS, a general knowledge of the relevant brain areas and neuronal circuits that are 
involved in cognitive control is required. Based on the assumptions that goal-directed 
behavior is governed by PFC (Larson et al., 2014; Shallice et al., 1996), the cognitive function 
of PFC will be described in the next section. 
 
1.5 Prefrontal cortex and cognitive control 
The role of PFC in cognitive control has been well evidenced (Volle et al., 2013). Patients 
with mild PFC injuries may experience diminished capacity to function as fully as they once 
had, changes in the stability and flexibility of response (Lezak, 1982). Even though the exact 
attribution of cognitive control to discrete parts of PFC is controversial (Aron et al., 2004), 
there are still some consisting findings. Anatomically, PFC can be globally divided into 
several major parts (Ongür et al., 2003; Petrides and Pandya, 2002, 1999): 1) The dorsolateral 
PFC (DLPFC) seems to play an important role in representing and integrating multiple 
sources of information. Damages in DLPFC can cause cognitive impairments including 
memory deficits, switching problems and high level of distractibility (Catani and Schotten, 
2012; Forstmann and Alkemade, 2017; Knight et al., 1999). 2) The ventrolateral PFC 
(VLPFC) especially the right VLPFC is mainly active during motor inhibition (Bunge et al., 
2002; Dillon and Pizzagalli, 2007; Garavan et al., 1999; Konishi et al., 1999, 1998; Rubia et 
al., 2003). Response inhibition deficiencies in attention deficit hyperactivity disorder (ADHD) 
are shown to be associated with abnormalities in VLPFC (Aron et al., 2004; Aron and 
Poldrack, 2005; Castellanos et al., 2001; Catani and Schotten, 2012; Ridderinkhof et al., 2004; 
Sowell et al., 2003). 3) The anterior cingulate cortex (ACC), especially the caudal ACC is 
thought to be related to error detection, conflict monitoring (Allman et al., 2001; Beste et al., 
2009; Beste et al., 2012; Botvinick et al., 2001, 2004; Brodal, 2004; Hanna-Pladdy, 2007; 
Plenz, 2003), response inhibition (Casey et al., 1997; Garavan et al., 1999; Kawashima et al., 
1996; Rubia et al., 2001), response selection (Bench et al., 1992; Corbetta et al., 1991; Paus, 
2001) and attentional control (Matsumoto and Tanaka, 2004; Paus, 2001; Schall et al., 2002). 
4) The orbitofrontal cortex (OFC) is strongly connected to limbic and hippocampal structure 
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and is associated with emotion–related cognitive control2 such as reward-based decisions 
(Forstmann and Alkemade, 2017; Hanna-Pladdy, 2007; Rosenbloom et al., 2012). Due to the 
multiple connections with various brain regions, PFC is assumed to exert its top-down control 
by modulating and coordinating activities in other areas (Miller and Cohen, 2001). For 
example, the PFC is thought to contribute to attentional control by modulating the activities in 
posterior visual areas (Barbas et al., 2013; Barceló et al., 2000; Herrmann and Knight, 2001; 
Noudoost and Moore, 2011a), where correlates of selective attention are observed. Unilateral 
prefrontal damage has been demonstrated to result in decreased neural activity in the posterior 
association cortex in the same hemisphere (Barceló et al., 2000). 
 
1.6 Thalamic modulation of cognitive control  
1.6.1 Thalamus and cognitive control  
Aside from PFC activity, the importance of the thalamus in cognition has been underlined 
recently (de Bourbon-Teles et al., 2014; Law and Smith, 2012). Thalamic lesions or atrophy 
can induce cognitive impairments including attentional control, psychomotor speed and verbal 
fluency (Kraft et al., 2015; Štecková et al., 2014). The thalamus is presumed to contribute to 
cognitive functions via its multiple connections to the cortex (Funahashi, 2013; Mair et al., 
2011; Prevosto and Sommer, 2013; Saalmann, 2014; Saalmann and Kastner, 2015). One of 
the cognitive domains most likely affected by this is cognitive control (Dharmadhikari et al., 
2015), which strongly depends on PFC activity (Volle et al., 2013). Reduced functional 
connectivity between the thalamus and the PFC has been shown to impair cognitive control 
like working memory (Parnaudeau et al., 2013; Uhlhaas et al., 2013). 
The cortex including the PFC is innervated by glutamatergic fibers of thalamo-cortical 
pathways. Thalamic relay neurons (often named as thalamocortical neurons as well) project to 
one or a number of well-defined cortical areas (Herrero et al., 2002; Ilinsky and Kultas-
Ilinsky, 1987; Jones, 1990; Percheron et al., 1996) relaying and integrating information from 
subcortical areas such as the basal ganglia (BG) to the cortex (Sherman, 2006) (see figure 5). 
Aside from this, they also receive information back from the cortex (Guillery, 1995; Herrero 
et al., 2002). In order to describe the cognitive function of thalamus, two kinds of thalamic 
                                                          
2
 Of note, the emotion-related cognitive control is not examined in this thesis. Cognitive control mentioned in 
this thesis is independent of emotional component. 
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nuclei must be distinguished: First-order thalamic nuclei, such as the lateral geniculate 
nucleus (LGN), the ventral division of medial geniculate nucleus (MGN) and the ventral 
posterior nuclei (VPN) act as a gateway modulating the transmission of subcortical sensory 
information to the cortex (mainly to the sensory and somatosensory cortex) (Kraft et al., 
2015). In contrast, high-order thalamic nuclei like the pulvinar, mediodorsal, intralaminar and 
midline nuclei are involved in higher cognitive functions (Cholvin et al., 2013; Hartikainen et 
al., 2014; Law and Smith, 2012) instead of pure transmission of sensory input. Lesions in the 
high-order thalamic areas can cause severe cognitive deficits in attention, memory and 
sensory-guided actions (Baxter, 2013; Bradfield et al., 2013; Jankowski et al., 2013; Mitchell 
et al., 2008; Saalmann and Kastner, 2011; Snow et al., 2009; Wilke et al., 2010). These 
functional differences between first-order and high-order thalamic nuclei depend on their 
different projections. While the projections of non-sensory thalamic nuclei (high-order nuclei) 
target multiple cortical territories, sensory thalamic nuclei (first-order nuclei) have more focal 
projections (Neske, 2016). Therefore, aside from relaying subcortical information to the 
cortex (mainly to the PFC and associative cortex) (Kalivas et al., 2001), the more important 
role of high-order nuclei is to receive cortical feedback from one area and transmit it to other 
cortical areas (Guillery, 1995; Saalmann, 2014; Sherman and Guillery, 2002; Zikopoulos and 
Barbas, 2007). Through extensive reciprocal connections to the cortex including multiple 
frontal, parietal and medial temporal networks (Guillery, 1995; Sherman and Guillery, 2002), 
the higher-order nuclei are able to contribute to cortico-cortical information transmission 
(Guillery, 1995; Saalmann, 2014; Sherman and Guillery, 2002) by synchronizing different 
cortical neurons in response to cortical feedback (Saalmann et al., 2012). The pulvinar, which 
is the largest thalamic nucleus, is suggested to contribute to attentional selection by regulating 
cortico-cortical information transmission according to attentional demands (Saalmann et al., 
2012). The mediodorsal thalamus (MD), which has strong connections to the PFC, is thought 
to influence working memory processes by modulating information transmission within PFC 
areas (Parnaudeau et al., 2015, 2013; Peräkylä et al., 2017). Thalamic lesions are shown to 
diminish the synchronization of cortical neurons (Neske, 2016). 
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1.6.2 Contributions of thalamic GABA to cognitive control 
The thalamo-cortical pathways are strongly modulated by GABAergic neurotransmission in 
the thalamus. The GABAergic inputs of the thalamic relay neurons that project to the cerebral 
cortex mainly come from thalamic reticular neurons (TRN). TRN lie interposed between the 
thalamus and the cortex, a thin sheet of inhibitory neurons that receive excitatory input from 
both the thalamus and the cortex but send inhibitory projections only to the thalamus 
(Zikopoulos and Barbas, 2007). In this context, the TRN GABAergic modulation of the 
thalamic relay neurons strongly depends on the feedback from the cortex and the thalamus 
(Jones et al., 1988; Young et al., 1995) (see figure 6). Even though TRN do not project to the 
cortex, TRN GABA is able to affect cortical metabolic activity enclosing PFC activity by 
modulating thalamo-cortical pathways (Volle et al., 2013). Lesions of TRN induce increases 
in PFC activity (Jones et al., 1988) and thalamic GABA agonists lead to decreases in frontal 
cortical metabolic activity (Young et al., 1995),.  
In addition to its inhibitory effect on thalamic and cortical activity, TRN play a critical role in 
controlling the firing patterns of thalamic relay neurons (Fuentealba and Steriade, 2005; 
Pinault, 2004). Activation of GABAergic inputs promotes burst firing of relay neurons 
Figure 5 Thalamic nuclei and their projections: This figure illustrates the anatomical position of 
thalamic nuclei and respective cortical areas, where the sensory inputs are relayed by various 
thalamic nuclei. DL: dorsal lateral nucleus; LGN: lateral geniculate nucleus; MD: mediodorsal 
nucleus; MGN: medial geniculate nucleus; Pulv: pulvinar; TRN: thalamic reticular nucleus; VA: 
ventral anterior nucleus; VL: ventral lateral nucleus; VPL: ventral posterior lateral nucleus. Please 
notice that not all thalamic nuclei (e.g. intralaminar nuclei and midline nuclei) are depicted here. 
Reprinted with permission and modified from Pratt et al. (2017). 
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(Huguenard and Prince, 1994; Sherman, 2006, 2001; von Krosigk et al., 1993). Since robust 
phasic burst firing is essential for rhythm generation (Cox et al., 1997), GABAergic 
innervation on thalamic relay neurons from TRN can foster thalamo-cortical oscillatory 
activities (Crunelli et al., 1988; Fuentealba and Steriade, 2005; Hirsch and Burnod, 1987; 
Houser et al., 1980; Huguenard and Prince, 1994; Jones, 1990; Pinault, 2004; Rovó et al., 
2014; Thomson, 1988) such as gamma and delta oscillations (Neske, 2016; Pratt et al., 2017), 
which are relevant for cognitive control processes including working memory (Harmony, 
2013; Senkowski and Gallinat, 2015). Aside from increasing the information exchange 
between the thalamus and cortex, TRN GABA also helps synchronize oscillations between 
different brain regions and thereby advances cortico-cortical interactions (Fuentealba and 
Steriade, 2005; Pinault, 2004) that are essential for PFC-related information processing 
(Barbas, 2000; Barbas et al., 2013; Barceló et al., 2000; Herrmann and Knight, 2001; Miller 
and Cohen, 2001; Noudoost and Moore, 2011b). Higher thalamic GABA levels has been 
demonstrated to lead to better cognitive control performances (Dharmadhikari et al., 2015). 
Notably, the modulation of thalamic GABA strongly depends on received cortical feedback 
(Saalmann et al., 2012) of ongoing control demands (Halassa and Acsády, 2016). GABA 
seems to be involved in cognitive regulation merely when demands of cognitive control are 
high (Wolff et al., 2016). 
To sum up, thalamic GABA is able to affect cognitive control (Rovó et al., 2014; Sherman, 
2006, 2001) by modulating PFC activity through thalamo-cortical pathways (Volle et al., 
2013), enhancing thalamo-cortical connectivity (Crunelli et al., 1988; Hirsch and Burnod, 
1987; Houser et al., 1980; Huguenard and Prince, 1994; Jones, 1990; Thomson, 1988), and 
promoting cortico-cortical communication (Fuentealba and Steriade, 2005; Pinault, 2004) 
according to received cortical feedback of behavioral needs. 
 
 
 
Figure 6 Connections of thalamic reticular 
neurons. This figure depicts major 
connections of the TRN. Glutamatergic 
connections are denoted by black arrows 
and GABAergic connections by red 
arrows. Of note, this is only a simplified 
illustration. Inputs from the brainstem and 
GABAergic interneurons are not depicted 
in this figure. 
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1.7 Dopaminergic modulation of cognitive control 
In addition to thalamic neurotransmission, DA also modulates cognitive control mediated by 
the PFC including response control (Le Moal and Simon, 1991), working memory, flexibility 
(Floresco, 2010; Robbins, 2010), and attentional control (Nieoullon, 2002; Robbins, 2013). 
Patients with DA dysfunctions such as Parkinson's disease (PD) (Beste et al., 2009; 
Willemssen et al., 2009) and Huntington’s disease (HD) patients (Beste et al., 2008a) 
displayed difficulties in resisting interferences occurring at the attentional and response levels 
(Beste et al., 2008b; Georgiou et al., 1995; Johnstone et al., 2009; Mullane et al., 2009; 
Praamstra et al., 1998; Praamstra and Plat, 2001; Stemmer et al., 2007; Verleger et al., 2010; 
Willemssen et al., 2011). 
DA cell clusters are located in the midbrain and DA is transmitted from there to other parts of 
the brain, especially the PFC and striatum through mesocortical, mesolimbic and mesostriatal 
dopaminergic pathways. The PFC-mediated cognitive functions were formerly thought to rely 
on the mesocortical projection only, while movement and emotion depend on mesostriatal and 
mesolimbic projection respectively. Nowadays, it has been realized that the functions of these 
three dopaminergic pathways are overlapping rather than discrete. For example, the 
mesostriatal pathway has also been demonstrated to contribute to cognitive functions. In the 
following section, a brief insight into cortical and subcortical dopaminergic modulation of 
PFC functions will be provided in the context of different dopaminergic pathways (Robbins, 
2010). 
 
1.7.1 Contributions of cortical dopamine 
The PFC is strongly innervated by the mesocorticolimbic pathway, which arises from the 
ventral tegmental area (VTA). The profound contribution of PFC DA to working memory has 
been well demonstrated (Brozoski et al., 1979). Maintaining the mental representations (e.g. 
task rules and stimulus-response association) are thought to rely on the recurrent excitation 
between prefrontal pyramidal neurons, which generates persistent activity within the PFC 
(Arnsten et al., 2010; Goldman-Rakic, 1995). PFC DA is assumed to have influence on the 
stabilization of particular mental representation by modulating the strength and efficiency of 
the recurrent glutamatergic connections (Floresco, 2010; Gao et al., 2001; Robbins, 2005; 
Seamans and Yang, 2004). This modulation follows the Yerkes-Dodson principle taking the 
form of an inverted-U-shaped function. It has been observed that both insufficient (Brozoski 
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et al., 1979) and excessive DA levels (Arnsten and Goldman-Rakic, 1998; Arnsten, 1997; 
Murphy et al., 1996) impair the working memory performances, while an intermediate DA 
level is associated with optimal performance.  
 
1.7.2 Contributions of striatal dopamine 
Given that the tissue content of DA in the striatum is 100-fold more than DA in the PFC, the 
dopaminergic modulation is more pronounced in the striatum than in the PFC (Garris et al., 
1993; Garris and Wightman, 1994). The dorsal striatum is densely innervated by the 
dopaminergic fibers of the nigrostriatal pathway which originates in pars compacta of the 
substantia nigra (SNc) (Bear et al., 2008; Brodal, 2004; Cools, 2008; Iversen, 2010; Rye, 
2004; Seamans and Yang, 2004), while the ventral striatum is innervated by the dopaminergic 
projections arising from VTA (Bear et al., 2008; Brodal, 2004; Cools, 2008; Iversen, 2010; 
Rye, 2004; Seamans and Yang, 2004). To date, the importance of the striatal DA in the PFC-
mediated cognitive control has been well recognized (Marié et al., 1999; Monchi et al., 2006; 
Rinne et al., 2000). For example, PD patients, who are suffering from striatal DA deficiency, 
display impaired cognitive control including reduced conceptual flexibility and inhibitory 
control (Lezak, 1982; Beste et al., 2009; Willemssen et al., 2009). Striatal DA is thought to 
affect PFC activity by modulating the BG output. To understand this modulation, two 
questions need to be answered. One is how BG output influences PFC activity and the other is 
how striatal DA modulates the BG output. To clarify these, the anatomical structure of BG 
should be understood: The BG includes the striatum, the globus pallidus (GP), the substantia 
nigra (SN) and the subthalamic nucleus (STN). The striatum is composed of the ventral 
striatum including the nucleus accumbens (NAcc) and the dorsal striatum consisting of the 
caudate nucleus and the putamen. The GP can be further subdivided into the internal segment 
(GPi) and the external segment (GPe). The SN consists of the SNc and the pars reticulate 
(SNr). It is already known that BG is not only motor-based (DeLong et al., 1984) but also 
plays a pivotal role in cognitive and emotional domains. BG has been demonstrated to 
subserve response inhibition (Mink, 1996; Redgrave et al., 1999; Schall et al., 2017; van den 
Wildenberg et al., 2006), attentional selection (Finke et al., 2006; Georgiou-Karistianis et al., 
2002; Kermadi and Boussaoud, 1995; Nieoullon, 2002; Saint-Cyr, 2003), sensorimotor 
processes (Kermadi and Boussaoud, 1995), and reinforcement learning (Beiser et al., 1997; 
Houk et al., 1995; Schultz et al., 1998). The multifunction of BG can be ascribed to the 
anatomically and functionally segregated cortico-BG circuits (Haynes and Haber, 2013; Joel 
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and Weiner, 1994). Input obtained from the cortex is received by the striatum, whereas GPi 
and SNr regarded as the output stage of the BG send processed information via the thalamus 
back to the cortex, where the loop starts (Brodal, 2004). As depicted in Figure 7, the putamen 
receives input mainly from the sensory-motor areas associated with motor control (motor 
loop), while the caudate nucleus receives projections mainly from the parietal and PFC 
associative areas involved in higher cognitive processes (cognitive/associative loop). Studies 
have shown that goal-directed behaviors (i.e. cognitive control) are mostly mediated by the 
cognitive loops (Balleine and O’Doherty, 2010; Graybiel, 2008). Lesions in this loop have 
been implicated in various higher cognitive functions including goal selection, set shifting, 
response set formation, planning, response inhibition and self-control (Cummings, 1995; 
Fuster, 1995, 1988; Royall et al., 2002). In contrast, habitual/automatic behaviors are 
mediated by motor loops (Balleine and O’Doherty, 2010; Graybiel, 2008). The transition from 
goal-directed behavior to habit formation with repetition is accompanied by reduced 
recruitment of the PFC and caudate nucleus and increased activity in the motor circuit 
(Graybiel, 2008). In line with this, one fMRI study demonstrated that in the Simon task 
irrelevant stimulus location activates the motor cortex (i.e. automatic response activation/non-
executive function), whereas controlled response selection is related to activation in the right 
inferior frontal cortex (Forstmann et al., 2008). As both processes in the Simon task are 
regulated by striatal DA (Lubbe and Verleger, 2002; Nieoullon, 2002; Praamstra and Plat, 
2001), it seems that visuo-motor priming more relies on motor loops, while top-down 
controlled response selection is mediated by cognitive loops. In comparison, the ventral 
striatum are strongly connected with orbital and limbic cortex including ACC (limbic loop) 
contributing to regulation of mood, emotion, motivation (Bar-Gad et al., 2003; Haber, 2016) 
as well as caudal ACC-related conflict monitoring (Botvinick et al., 2004, 2001).  
 
Figure 7 Cortico-basal ganglia 
loops: This figure illustrates 
associative, motor and limbic 
cortico-BG loops. Glutamatergic 
connections are denoted by 
black arrows, GABAergic 
connections by red arrows, 
dopaminergic pathways by blue 
arrows. Of note, the 
dopaminergic innervations in 
the NAcc depend on the 
projections arising from VTA, 
which is not depicted in the 
figure. 
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The second question remains: how does striatal DA modulate BG output? DA modulates BG 
output primarily via direct and indirect striatal projection pathways. These two pathways are 
built based on two types of GABAergic medium spiny neurons (MSN) in the striatum which 
express distinct dopaminergic receptors and have different projection targets in the BG. The 
MSNs which express predominantly D1Rs project striatal output to GPi/SNr directly (direct 
pathway), whereas the MSNs which express D2Rs project striatal output first to GPe and then 
indirectly via the STN forward to GPi/SNr (indirect pathway) (Brodal, 2004). The excitatory 
input from the cortex inhibits BG output through the direct pathway, while it enhances the BG 
output via the indirect pathway (Nambu et al., 2000). Dopaminergic synapses are often 
located on spines of MSNs that are receiving glutamatergic/excitatory input from the cortex. 
Thereby, DA can modulate the excitability of MSN. In striatum, DA is stimulatory to MSNs 
that express D1Rs and thus enhancing the direct pathway, while it is inhibitory to MSNs that 
express D2Rs and hence decreasing the indirect pathway (Bar-Gad et al., 2003; Brodal, 2004; 
Surmeier et al., 2007). Given this, the release of DA decreases inhibitory BG output via both 
pathways and thereby enhancing cortical activity. In contrast, DA deficiency increases BG 
output leading to reduced cortical activity (see figure 8).  
DA can not only modulate the cortico-BG circuits to gate or maintain an action representation, 
but also play a decisive role in selecting important action representations out of numerous 
actions presented by the cortex (Brodal, 2004; Kropotov and Etlinger, 1999; Mink, 1996; 
Robbins, 2007). This selective function of BG is achieved by lateral inhibition of MSNs 
within the striatum. Apart from the efferents to GP and SN, MSNs also have collaterals 
producing lateral inhibition to the neighboring striatal neurons (Bar-Gad et al., 2003; Plenz, 
2003). The selection is based on the “winner-take-all” rule: Only the actions represented by 
the most strong firing neuron/ neuron ensembles (the “winner”) will be carried out. All other 
competing actions will be inhibited (Bar-Gad et al., 2003; Plenz, 2003; Ponzi, 2008; Ponzi 
and Wickens, 2013). 
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1.8 Research objectives, approaches and hypotheses 
Since thalamic neurotransmission and dopaminergic modulation are of vital importance for 
cognitive control, thalamic pathology and DA dysfunction in RLS should affect the cognitive 
control in patients aside from sensory-motor functions. For this reason, two research 
objectives are included in this thesis, which will be elucidated below. 
 
1.8.1 Research objectives and approaches 
Research objective 1 and approaches (Study I): As introduced in chapter 1.2.1, thalamic 
GABAergic signaling is of functional relevance and has been linked to the severity of RLS 
sensory-motor symptoms (Winkelman et al., 2014). Since thalamic GABA is known to 
contribute not only to sensory-motor functions (Hattingen et al., 2014; Long et al., 2014; 
Winkelman et al., 2014), but also to cognitive control (Rovó et al., 2014; Sherman, 2006, 
2001) including working memory (see chapter 1.6.2), it may also account for potential 
cognitive control deficits in RLS. To investigate the relationship between cognitive control 
and thalamic GABA levels in RLS, an experimental paradigm (i.e. the Bocanegra task), in 
Figure 8 Direct and indirect pathways within the basal ganglia: This figure denotes the striatal 
dopaminergic modulation of cortical activity via direct and indirect pathways. Glutamatergic 
connections are denoted by black arrows, GABAergic connections by red arrows. Indirect pathway 
is marked with semi-transparent grey color. DA signals from the SNc enhance the output of the 
direct pathway while reducing the output of the indirect pathway. 
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which cognitive control is required for adjustment to increased working memory load (see 
chapter 1.4.2.2) was used in combination with Magnetic Resonance Spectroscopy (MRS)  
 
Research objective 2 and approaches (Study II & III): Abnormal circadian rhythm is a key 
characteristic of RLS with an increasing severity of sensory and motor symptoms at night. In 
spite of this, potential associated diurnal changes of cognitive performances have not yet been 
investigated in RLS. Considering that the abnormal circadian rhythm in RLS is thought to 
strongly rely on dopaminergic pathophysiology and DA plays a critical role in cognitive 
control, it seems reasonable to assume that cognitive control should also be affected by RLS 
showing abnormal circadian rhythms. As DA has a profound effect on interference control 
(see chapter 1.7), two conflict paradigms (i.e. the Flanker task and Simon task), in which 
different control processes are demanded (see chapter 1.4.2.1) were used to examine the 
circadian variation of cognitive control performances in RLS patients. Additionally, EEG was 
combined with standardized low-resolution brain electromagnetic tomography (sLORETA) to 
further investigate the underlying neurophysiological mechanisms and functional 
neuroanatomical structures affected by the circadian variations. 
 
1.8.2 Hypotheses on potential thalamic modulation of cognitive control in RLS (Study I) 
Since impairments in working memory have been reported in RLS (Choi et al., 2012; Jung, 
2015; Jung et al., 2015, 2011; Kim et al., 2014), it was expected that RLS patients would 
display impaired cognitive control performances in the Bocanegra task, which would strongly 
depend on reduced working memory capacity (see chapter 1.4.2.2). Given that there seems to 
be no differences between RLS patients and healthy controls with regard to absolute thalamic 
GABA concentrations (Winkelman et al., 2014), thalamic GABA may not linearly represent 
the potential cognitive control deficits in RLS patients. However, as thalamic GABA 
improves cognitive control performances (Dharmadhikari et al., 2015) and anticonvulsants, 
which mimic the effect of GABA reduce RLS symptoms (Trenkwalder and Paulus, 2010), it 
was hypothesized that higher GABA levels would attenuate the control deficits in RLS 
patients. According to the modulatory effect of thalamic GABA on thalamic activity and 
thalamo-cortical connectivity (see chapter 1.6.2), elevated GABA levels may compensate for 
pathological changes in RLS such as thalamic hyperactivity (Astrakas et al., 2008; Bucher et 
al., 1997; Ku et al., 2014; Margariti et al., 2012; Rizzo et al., 2012) and hypoconnectivity (Ku 
 
23 
et al., 2014), which may underpin the deficits in cognitive control. Taken into account that 
healthy controls do not suffer from these pathological changes that would require any kind of 
neurobiochemical compensation, they may not benefit from higher thalamic GABA levels as 
much as RLS patients.  
 
1.8.3 Hypotheses on potential circadian variation of cognitive control in RLS (Study II 
& III) 
According to Allen (2015), a postsynaptic hypodopaminergic state occurs in RLS patients at 
night, which is induced by the homeostatic regulation of excessive DA in the striatum (see 
chapter 1.2.2.2). This daytime-dependent low level of postsynaptic DA in the striatum was 
expected to lead to reduced cognitive control at night.  
 
Effect of circadian rhythms on cognitive control required in stimulus-stimulus conflicts 
(Study II) 
As mentioned in chapter 1.4.2.1, attentional selection is predominately required in stimulus-
stimulus conflict. Hence, it should be primarily affected by DA deficiency at night. Besides, it 
is possible that the later cognitive control processes such as conflict monitoring and response 
selection would decline at night as well. These potential nocturnal reductions in cognitive 
control should make it difficult for RLS patients to resist interferences evoked by distracters 
and would result in larger interference effect at night. Since the PFC and its interaction with 
posterior regions such as extra-striate cortex are involved in attentional control, reduced 
activation within PFC and extra-striate cortex should be observed at night. 
 
Effect of circadian rhythms on cognitive control required in stimulus-response conflicts 
(Study III) 
Controlled response selection and (non-executive) visuo-motor priming, which determine the 
control performance in stimulus-response conflicts, are both modulated by DA (Lubbe and 
Verleger, 2002; Nieoullon, 2002; Praamstra and Plat, 2001). The nocturnal dopaminergic 
hypoactivity of RLS patients would therefore reduce the top-down response control as well as 
the formation of incorrect automatic response activation. Yet, dopaminergic modulation of 
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visuo-motor priming seems to be more pronounced than of the response selection or 
subsequent motor stage (Falkenstein et al., 2006; Praamstra and Plat, 2001; Rammsayer and 
Stahl, 2006; Rihet et al., 2002). Given this, RLS patients may paradoxically benefit from their 
pathology, as reduced automatic activation would decrease the interferences with the top-
down selection of the correct responses, which should eventually result in enhanced task 
performances in the conflicting condition at night. This hypothesis can be further 
substantiated by studies which found that an increase in dopaminergic neurotransmission may 
actually enlarge the interference effect in the Simon task (Fluchère et al., 2014; Onur et al., 
2011; Wylie et al., 2012). Since stimulus location activates the motor cortex (Forstmann et al., 
2008), strongly reduced activation within motor areas may underpin the potential decreased 
visuo-motor priming at night.  
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The restless legs syndrome (RLS) has repeatedly, but not exclusively, been associated with 
functional thalamic changes as well as changes in GABAergic neurotransmission. This has 
been linked to the well-known sensory-motor symptoms, but it has never been investigated 
whether those factors also account for potential cognitive changes in RLS, even though they 
are known to play an important role for cognitive control. To investigate the potential 
relationship between thalamic GABA concentrations and cognitive control in RLS patients; a 
neuropsychological experimental paradigm was used in combination with Magnetic 
Resonance Spectroscopy (MRS). Compared to healthy controls, RLS patients displayed 
reduced cognitive control capacities, which were most likely based on working memory 
deficits. On the neurobiochemical level, (relatively) elevated thalamic GABA levels only 
attenuated control deficits in the RLS group, even though there were no group differences 
with respect to overall GABA levels. Given that RLS patients are known to display thalamic 
hyperactivity and associated thalamic hypoconnectivity, (relatively) higher GABA levels may 
have helped RLS patients to “compensate” for this pathological factor. Taken together, our 
findings specify the functional relevance of thalamic GABAergic neurotransmission for 
cognition in RLS, even though changes in GABAergic neurotransmission might not be the 
ultimate cause of control deficits. 
 
Keywords: thalamic GABA; Restless legs syndrome; MRS; cognitive control, working 
memory, implicit learning 
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Introduction 
The restless legs syndrome (RLS) is a 
sensory-motor disorder, which is 
characterized by an urge to move the legs, 
and sometimes the arms, during rest 
predominantly in the evening or at night 
1
. 
RLS-related neuronal changes are most 
commonly found in cortical-basal ganglia-
thalamic loops 
2
. Importantly, the involved 
brain regions do not typically show 
pronounced lesions or atrophy 
3
, but 
changes in dopaminergic, glutamatergic 
and GABAergic signaling 
4–6
. The 
functional relevance of these 
neurotransmitter changes is underlined by 
the effectivity of both L-dopa and 
anticonvulsants in RLS treatment 
4
. In 
addition to being implied in RLS 
pathophysiology 
5–7
, cortical-basal ganglia-
thalamic loops and the transmitters 
dopamine, glutamate and GABA are 
known to be crucial processes such as 
cognitive control 
8,9 
. In line with this, RLS patients have been 
shown to experience changes in cognitive 
control functions such as decision making 
or working memory 
11,12
. 
The thalamus, an important part of the 
cortical-basal ganglia-thalamic loops, 
processes sensory, motor and cognitive 
information and substantially contributes 
to cognitive processes including cognitive 
control
13–16
. There are consistent findings 
of thalamic abnormalities in RLS 
6,17,18
. 
Reduced functional thalamic connectivity 
with cortical areas 
18
 that are suggested to 
be involved in cognitive control functions 
like working memory 
19
, has been reported 
in RLS. Furthermore, RLS patients have 
repeatedly been demonstrated to 
experience excitatory thalamic 
hyperactivity, as evidenced by higher 
fMRI BOLD responses, increased grey 
matter density, or heightened glutamatergic 
activity, which may correlate with RLS 
motor symptoms 
2,5,20
. Given that 
experimental electric thalamic stimulation 
in patients with refractory epilepsy treated 
with deep brain stimulation has been 
shown to cause more errors in executive 
control tasks 
21
, the executive control 
deficits observed in RLS may be linked to 
thalamic hyperactivity.  
However, it needs to be stressed that 
accumulating evidence shows that the 
GABA system may play a critical role in 
RLS. Even though no absolute thalamic 
GABA differences have been found 
between RLS patients and healthy controls, 
thalamic GABA levels seem to be 
correlated with the severity of RLS 
sensory-motor symptoms 
6
. It has 
furthermore been proposed that thalamic 
GABA exerts its effect by modulating the 
thalamo-cortical communication 
22,23
. 
Through multiple connections between 
thalamus and different parts of cortex 
10
, 
thalamic GABA does not only contribute 
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to sensory-motor functions 
6,24
 but also to 
various cognitive functions including 
executive functions and working memory 
23,25,26
. Hence, the thalamic GABAergic 
system seems to be relevant to understand 
executive functions in RLS. 
As cognitive control is key to leading a 
self-serving and successful life 
27,28
, we set 
out to compare the cognitive control 
performances of RLS patients to that of 
healthy controls and assessed the potential 
correlation of performance and thalamic 
GABA levels in both groups. We applied 
an experimental paradigm that allows us to 
examine cognitive control by comparing 
the behavioral performance of a high 
demand and a low demand task. Due to 
differences in the complexity of task rules, 
more cognitive control and effort are 
required in the high demand task than the 
low demand task. By comparing a 
participant’s performance in the two tasks, 
it can be investigated how well the 
participant coped with the increase in task 
complexity / control demands: The larger 
the performance decease in the high 
demand task relative to the low demand 
task, the lower the participant’s cognitive 
control capacities. Given that RLS patients 
have been reported to display impairments 
in working memory and cognitive control 
12,29–33
 they should show larger task 
differences than healthy controls due to 
their control constraints. 
In addition to this, the paradigm allows to 
investigate implicit learning and the effect 
of cognitive control on this process by 
means of an implicit feature (for details, 
please see methods section) 
34
. This is of 
interest because thalamic lesions have been 
shown to affect both cognitive top-down 
processes and implicit motor learning 
35
, 
but the latter has never been investigated in 
RLS.  
In the task we used, healthy controls are 
usually able to benefit from the implicit 
feature and improve their performance 
when they have “free” residual cognitive 
processing capacities (i.e. in the low 
demand task), but not when their control 
capacities are strained (i.e. in the high 
demand task). Given the reported 
impairments in working memory, cognitive 
control 
12,29–33
 , and implicit motor learning 
35
, RLS patients should benefit less or even 
not at all from the implicit feature. Since 
there seem to be no differences between 
RLS patients and healthy controls with 
regard to absolute thalamic GABA 
concentrations 
6
, we expect that thalamic 
GABA may not linearly represent the 
potential cognitive deficits in RLS patients. 
But given that thalamic GABA has been 
shown to potentially improve cognitive 
control performance 
36
 and given that 
anticonvulsive medication, which mimics 
the effects of GABA, improves RLS-
associated sensory-motor symptoms 
4
, we 
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hypothesize that higher GABA levels will 
lead to better cognitive control 
performance (i.e. reflected by smaller task 
differences) in both healthy controls and 
RLS patients. Furthermore, the enhanced 
cognitive control caused by higher GABA 
levels may also facilitate the integration of 
implicit information. Considering that 
thalamo-cortical connectivity is reduced in 
RLS patients 
18
 and thalamic GABA is 
proposed to enhance thalamo-cortical 
communication 
22,23
 in line with ongoing 
demands 
37
, thalamic GABA levels are 
however likely to make larger 
contributions to task performances of RLS 
patients than healthy controls. 
 
Results 
Questionnaires and neuropsychological 
assessment 
Information about the clinical 
characteristics of the patients as well as the 
neuropsychological data of all subjects are 
shown in Table 1. (see supplementary 
information for detailed information about 
applied questionnaires and 
neuropsychological assessment) 
 
-------------------------------- 
Insert Table 1 about here 
--------------------------------- 
 
Behavioral task performance 
For the accuracy data (percentage of 
correct responses/hits), the mixed-effects 
ANOVA revealed a main effect of task 
(F(1,54) = 70.48; p < .001; η𝑝
2  = .566) 
showing that all participants had more 
correct responses in the low demand task 
(94.79% ± .16) than in the high demand 
task (91.65% ± .39). There was also a main 
effect of group (F(1,54) = 12.11; p = .001; 
η𝑝
2  = .183) showing that healthy controls 
had higher accuracy (94.02% ± .31) than 
RLS patients (92.41% ± .35). Interestingly, 
an interaction of task*group 
(F(1,54) = 7.10; p = .010; η𝑝
2  = .116) 
revealed that the performance differences 
between two tasks (low demand task minus 
high demand task) were larger in RLS 
patients (4.14% ± .65) that in healthy 
controls (2.15% ± .42) (Post-hoc: t=2.67; 
p=.010). Moreover, the worse performance 
of RLS patients could not be explained by 
shorter sleep duration or poorer sleep 
quality, as we found group differences (see 
table 1), but no correlation between 
performance and sleep quality or duration 
(all r < .17; p >.219). Patients with (n=20) 
and without medication (n=5) did not 
differ with respect to their task 
performance (all t < .99; p> .331). No 
other main or interaction effects were 
significant (all F <.80; p >.377). Neither 
general accuracy (r= .13, p= .542) nor the 
accuracy differences between the two tasks 
(r=-.03, p= .901)  
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 were correlated to RLS severity, as 
assessed with the IRLS questionnaire. 
For the RT data, the mixed-effects 
ANOVA revealed a main effect of task 
(F(1,54) = 488.60; p < .001; η𝑝
2  = .900) 
showing that all participants responded 
faster in the low demand task (567 ms ± 11) 
than in the high demand task (875 ms ± 18). 
No other main or interaction effect were 
significant (all F <1.91; p >.173). The RTs 
of RLS patients were not correlated with 
RLS severity, as assessed with the IRLS 
questionnaire (r=-.04, p= .870). 
 
MRS data and regression analyses 
Thalamic GABA levels did not 
significantly differ between groups (t=-.90; 
p=.373 controls: .58 mM ±.05; RLS: .65 
mM ±.05). Also, thalamic GABA levels 
were not correlated with RLS severity, as 
assessed with the IRLS questionnaire (r=-
.26, p= .285). Against the background of 
the observed main and interaction effects 
of the group factor, a multiple linear 
regression was run to integrate the model-
based behavioral data with MRS data. In 
these regression analyses, the general 
accuracy (total percentage of hits) and the 
accuracy differences between tasks (low 
demand task-high demand task) were used 
as the dependent variables. Thalamic 
GABA levels and the group factor were 
used as independent variables: 
For accuracy, the regression model was 
significant (F(2, 39) = 4.82, p = .013, 
adjusted R
2
 = .16). Within the model, only 
the group factor significantly contributes to 
the prediction (ß=-.450, t=-3.11, p= .004). 
Yet, GABA levels were not correlated with 
general accuracy in RLS patients or 
healthy controls (all r < .13; p >.568) (see 
Figure 1a). 
For the accuracy differences between tasks, 
the regression model could significantly 
predict the behavioral performance (F(2, 
39) = 5.03, p = .011, adjusted R
2
 = .16). 
Within the model, only the group factor 
was significant (ß=-.393, t=2.73, p= .010). 
GABA was significantly correlated with 
behavioral performance in the RLS group 
(r =-.58; p =.006), but not in the control 
group (r =.081; p =.726). Following this, 
separate regression analyses with GABA 
level as independent variable were 
conducted for the RLS and control group. 
The multiple linear regression analysis 
(F(1, 19) = 9.78, p = .006, adjusted R
2
= .31) 
showed that thalamic GABA (ß=-.583, t=-
3.13, p= .006) significantly predict 
performance differences between the high 
and low demand tasks in RLS patients, but 
not in healthy controls (ß= .081, t= .37, 
p= .726) (F(1, 19) =.13, p = .726, adjusted 
R
2
=.05) (see Figure 1b).  
Taken together, RLS patients had lower 
response accuracy and showed larger 
performance variations between high and 
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low demand tasks than healthy controls. 
Within the RLS patients, higher GABA 
level was correlated to smaller 
performance differences between tasks but 
with general increases in accuracy. 
However, GABA could not predict task 
performance differences in healthy 
controls. 
 
-------------------------------- 
Insert Figure 1 about here 
--------------------------------- 
 
Discussion 
In the current study, we examined the 
potential relationship between thalamic 
GABA concentrations and cognitive 
control in RLS patients, as compared to 
healthy controls. The study was motivated 
by the fact that changes in thalamic 
structure, connectivity and biochemistry, 
especially GABAergic signaling, occur in 
RLS and are also known to contribute to 
cognitive control deficits 
6,17,18,38
. Yet still, 
the role of thalamic GABA in RLS had so 
far only been investigated for sensory-
motor symptoms, but not for the 
concomitant cognitive control deficits, 
which are key to leading a self-serving and 
successful life
27,28
. 
In line with previous reports about deficits 
of executive functions and cognitive 
control in RLS 
12,31
, we found that RLS 
patients displayed impaired behavioral 
performance (lower response accuracy) as 
compared to healthy controls. RLS patients 
furthermore displayed larger accuracy 
differences between the low and high 
demand tasks, suggesting that recruiting 
the additional cognitive control resources 
required for the high demand task puts a 
greater strain on RLS patients than on 
controls. In the context of our study, 
working memory may have played a key 
role for this because the high vs. low task 
demands were induced by varying the 
working memory load: In the low demand 
task, relatively little cognitive control was 
required due to the consistent mapping 
between target stimulus features and 
responses. In contrast to this, the high 
demand task had a variable mapping 
between features and responses. Also, it 
requires to attend to two task-relevant 
features (i.e. color and size), instead of just 
one. As working memory is hence likely to 
be more exploited in the high demand task 
than in the low demand task, it is likely to 
have contributed to the observed effects on 
cognitive control. Importantly, the 
observed behavioral effects were not 
driven by the sleep deprivation of our 
patients, even though RLS patients 
reported an overall reduced sleep duration 
and lower sleep quality. Given that neither 
RTs nor accuracy were correlated with 
RLS severity and given that the RTs of 
patients were comparable to healthy 
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controls, it seems quite unlikely that 
sensory-motor differences or dopamine 
agonist withdrawal syndrome (DAWS), for 
which impulsivity appears to be a major 
risk factor
39
 caused the observed cognitive 
deficits. Together, it seems more 
reasonable to attribute cognitive deficits in 
RLS to basic pathological changes in RLS 
rather than the consequences of sleep loss 
or “side effect” of RLS symptoms or 
DAWS. 
In line with the findings of a previous 
study by Winkelman et al., (2014)
6
, the 
thalamic GABA levels of RLS patients in 
the current study did not quantitatively 
differ from those of the matched healthy 
controls. Nonetheless, thalamic GABA 
levels modulated performance in the RLS 
group: The observed cognitive control 
impairments (reflected by larger task 
differences) were smaller in RLS patients 
with (relatively) higher thalamic GABA 
levels as compared to patients with 
(relatively) lower thalamic GABA levels.  
One of the most straight forward 
possibilities to explain why the RLS 
patients’ performance benefitted from 
increased thalamic GABA levels is that 
several lines of evidence have 
demonstrated thalamic hyperactivity in 
RLS
2
. This is consistent with the beneficial 
therapeutic effect of anticonvulsants, 
which mimic the inhibitory effects of 
GABA via their effects of calcium 
channels 
40–42
. As GABA is an inhibitory 
transmitter, thalamic GABA may hence be 
able to “compensate” cognitive 
dysfunctions resulting from aberrant 
thalamic activity by dampening down the 
thalamic to more “normal” activity levels.  
With respect to thalamo-cortical loops, 
thalamic GABA has been suggested to 
modulate the ongoing thalamo-cortical 
rhythmic oscillations 
22,23
 and enhance 
cortical activation by promoting burst 
firing of thalamic projection neurons 
10,26
. 
In line with this, it has been noted that such 
GABAergically mediated neuronal 
oscillations may support task goal 
representations in the dorsolateral 
prefrontal cortex (DLPFC), which is 
cognitive control and working memory 
43,44
. 
This could have contributed to smaller task 
goal representation and working memory 
deficits in RLS patients with relatively 
lower GABA levels. Furthermore, Ku et al. 
(2014) found that RLS patients display 
reduced thalamic connectivity with the 
right parahippocampal gyrus, which has 
been presumed to contribute to the 
formation and maintenance of bound 
information (i.e. complex task rules) in 
working memory 
19
. Due to reduced 
thalamo-cortical connectivity, these 
cognitive domains should be impaired and 
have a negative influence on cognitive 
control in RLS. Importantly, the 
modulation of thalamo-cortical 
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connections by thalamic GABA has been 
proposed to depend on ongoing demands 
37
, 
which may explain the decreased task 
version differences in RLS patients with 
higher thalamic GABA levels, as the effect 
should have been larger in the high 
demand task.  
Given that healthy controls can be assumed 
to not suffer the same thalamic 
hyperactivity and / or thalamic 
hypoconnectivity as RLS patients, it seems 
logical that they did not benefit from 
higher thalamic GABA levels in the same 
way as the patients. The lack of correlation 
between performance and thalamic GABA 
levels in healthy controls may thus be 
attributed to the simple fact that they did 
not suffer from pathological 
neurobiochemical or connectionistic 
thalamic changes that would require any 
kind of neurobiochemical “compensation”. 
Surprisingly, neither RLS patients nor 
healthy controls showed any sign of 
functionally processing the implicit task 
feature, as previously observed in younger 
healthy controls performing the low 
demand task 
34,45
. While one could argue 
that the lack of effects in RLS patients 
matches our a priori hypothesis of 
impaired implicit learning, it does not 
explain why controls also showed no 
beneficial effects of the predictive feature 
in both the high and low demand tasks. 
Given that the degree of implicit learning 
strongly relies on the degree of available 
residual cognitive processing capacities in 
the applied paradigm, a potential 
explanation for our finding could be 
provided by the observation that the 
capacity of cognitive control processes, 
including working memory, declines with 
age 
46,47
. With an average age over 60 
years, our participants were more than 
twice as old as the healthy controls who 
had previously shown an effect of implicit 
feature processing 
34,45
. Perhaps, our 
sample was more cognitively challenged 
by both tasks due to their age-dependent 
decline of working memory and other 
cognitive control functions. As a 
consequence, our sample may have been 
unable to pick up the predictive feature 
altogether 
34
 due to their (comparatively) 
limited processing capacity, which did not 
provide them with enough “free” resources 
to process the information of the implicit 
feature even in the low demand task. 
Even though our findings are in line with 
most of the current literature on thalamic 
functioning in RLS, it is important to note 
that thalamic GABA levels could not 
explain all findings, as levels did not 
enhance general performance (as reflected 
by the overall accuracy) or correlate with it. 
It is possible that this aspect of behavior 
was accounted for by other facets of the 
pathology underlying RLS, such as 
dopaminergic dysfunction 
7
 or abnormal 
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glutamate/glutamine levels 
5
, which are 
also very likely to contribute to the 
cognitive changes observed in RLS and 
furthermore closely interact with GABA 
48,49
. It could also be an interesting 
objective for future studies to investigate 
whether the observed compensatory effect 
relies on the GABA released by thalamic 
reticular nuclei (TRN), GABAergic 
interneurons, or GABA derived from 
pallido-thalamic projections. Last but not 
least, more studies on the effects of 
thalamic GABA levels on other aspects of 
cognitive control are needed. As working 
memory is fundamental for all forms of 
proactive control
43
, thalamic GABA may 
attenuate the deficits of other executive 
functions in RLS. 
 
Conclusions 
Compared to healthy controls, RLS 
patients displayed reduced cognitive 
control capacities, which were most likely 
based on working memory deficits. In the 
absence of absolute group differences, 
elevated thalamic GABA levels attenuated 
control deficits in the RLS group only, as 
they might have helped to “compensate” 
the RLS-related thalamic hyperactivity and 
associated thalamic hypoconnectivity. 
Taken together, our findings specify the 
functional relevance of thalamic 
GABAergic neurotransmission for 
cognition in RLS, even though changes in 
GABAergic neurotransmission might not 
be the ultimate cause of control deficits. 
 
Methods 
Patients and controls 
N = 31 adult RLS patients with a stable 
medication treatment (patients with 
GABAergic treatment, e.g. pregabalin, 
gabapentin or benzodiazepine, were 
excluded) for at least 4 weeks were 
recruited from the outpatient clinic of the 
Department of Neurology of the University 
hospital, TU Dresden, Germany. All 
patients had a secured RLS diagnosis 
based on the International Restless Legs 
Syndrome Study Group (IRLSSG) 
diagnostic criteria 
1
 and had no signs of 
other neurological diseases. RLS patients 
who reported ever having experienced RLS 
symptoms before noon, which indicates 
treatment-related augmentation or severe 
RLS, were not included into the study. For 
comparison, n = 31 individually age- (± 3 
years) and gender-matched healthy control 
participants, who had no signs of any 
neurological or psychiatric disorders, were 
recruited. To avoid the potential artifacts 
induced by RLS symptoms during MRS 
measurement, patients and controls were 
scanned and subsequently tested in the 
morning, when they were free of 
symptoms. Six patients had to be excluded 
due to data quality problems or poor 
behavioral performances. Hence, the data 
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of 25 patients (age: 60.16 ± 2.21, 18 
females) and 31 controls (age: 60.25 ± 1.87, 
23 females) were analyzed. All patients 
with dopaminergic treatment were asked to 
abstain from their medication prior to the 
appointment (please see supplementary 
information for more details). Furthermore, 
all participants were asked to refrain from 
using caffeine or any other stimulants on 
the day of testing. All experimental 
protocols in the study were approved by 
the institutional review board of the 
Medical faculty of the TU Dresden in 
Germany (EK 27012014). All performed 
procedures were in accordance with the 
ethical standards of the institutional and/or 
national research committee and with the 
1964 Helsinki declaration and its later 
amendments or comparable ethical 
standards. Written informed consent was 
obtained from each participant prior to the 
beginning of the study. All participants 
received a reimbursement of 60 € for 
taking part in the study. 
 
MRS data acquisition and processing 
MRI scans were conducted at the 
beginning of the experiment. For optimal 
voxel positioning a 3D sagittal T1-
weighted image was acquired first with 
TR/TE/TI = 2470/4.4/1100 ms, flip angle = 
15°, field of view = 256×256 mm, and 160 
slices (slice thickness = 1.0 mm). To 
improve spectral resolution an additional 
Head_shim_3D shimming routine (WIP 
Siemens) over 64 slices (FOV: 384 mm, 
slice thickness 4mm) was performed, 
followed by interactive manual local 
shimming. In vivo single-voxel localized 
1H MR spectra were obtained, with an 
adapted point resolved spectroscopy 
(PRESS) sequence (TE = 97 ms) with two 
echo times of 17 ms and 80 ms according 
to Choi et al.
50
. PRESS acquisition 
parameters included TR = 2000 ms, 
acquisition bandwidth = 2.5 kHz, and 1024 
sampling points. The voxel size of MRS 
volumes of interest (VOIs) was 30 x 30 x 
30 mm
3
 located on the left thalamus (see 
Figure 2). Moreover, an unsuppressed 
water signal was acquired from each voxel 
for residual eddy current compensation 
using TE/TR: 30ms/ 17 s from the same 
voxel. The acquired data (FIDs were 
recorded in 16 blocks) were combined off-
line, using a special designed Matlab script 
(The MathWorks Inc., Natick, MA, USA) 
which was developed according to a 
published algorithm from Choi et al. 
51
. 
Spectral fitting was performed with 
LCModel software, version 6.3.1 
52
, using 
numerically-calculated basis spectra of 20 
metabolites, based on the characteristics of 
the sequence (echo times, pulse shapes) 
50
. 
Cramer-Rao lower bounds (CRLB) as a 
measure of precision were returned as a 
percentage standard deviation (SD) by 
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LCModel. Results with a CRLB value > 30% 
were excluded.  
Metabolite concentrations from the LC-
Model estimates were calculated with 
respect to the short-echo-time water signal 
using equation 1 
51
 
 
Cm=Cw(Sm/Sw) exp (TEdiff/T2)/[1-exp(-
TR/T1)]                 [Eq. 1] 
 
 
Sm:  LC-Model estimates  
Sw:  water signal from non supressed SVS_se_30 
file  
Cw: water concentration (42.3 M) 
 
Relaxation effects on metabolite signals 
were corrected using published metabolite 
T2 and T1 values (T2 = 150 ms, 230 ms and 
280 ms for Cr, Cho and NAA and 180 ms 
for other metabolites; T1 = 1200 ms for 
glutamate, glutamine and myo-inositol and 
1500 ms for other metabolites
53–55
. The 
observed GABA values were then 
integrated with the behavioral data by 
means of regression analyses (see statistics 
section for details). 
 
--------------------------------- 
Insert Figure 2 about here 
---------------------------------- 
 
Experimental paradigm 
We applied an experimental paradigm by 
Bocanegra and Hommel [2014] to examine 
differences in the degree of cognitive 
control exerted in challenging vs. easy 
tasks as well as the effect of cognitive 
control on automaticity. Participants were 
asked to respond by pressing the right and 
left Ctrl buttons on a regular keyboard with 
their right and left index fingers, 
respectively. The paradigm comprised two 
separate tasks used the same set of target 
stimuli, which varied in color (red or 
green), size (small/~2.5 cm in diameter or 
large/~5 cm in diameter) and shape 
(diamond or square) (see Figure 3). All the 
combinations of stimulus features were 
used equally often in the 384 trials of each 
task. However, the tasks differed with 
respect to the required cognitive control, 
which was based on the complexity of task 
rules: In the high demand task, participants 
were asked to respond to the combination 
of the target stimulus size and color: When 
the target was either large and red or small 
and green, they were required to press the 
left button. When the target was either 
large and green or small and red, they had 
to press the right button. For the low 
demand task, participants were instructed 
to only respond to the shape of the target 
stimulus: The left response was required 
for the diamonds, whereas the right 
response was required for the squares. 
Each trial started with the presentation of 
target stimulus which remained on the 
screen until a response was given. If a 
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response was not given within 2000 ms, 
the stimulus presentation was stopped and 
the trial was coded as a “miss”. A feedback 
sign (“+” for correct and “-“for incorrect 
responses) was presented 700 ms after the 
stimulus offset for 500 ms. Next, a fixation 
cross was presented for 500 ms before the 
next trial presentation. All participants 
were asked to perform the high demand 
task before the low demand task to keep 
the task order constant across the 
participants (compare Bocanegra and 
Hommel, 2014).  
Furthermore, each task had two conditions, 
which were unbeknownst to the 
participants: In the baseline condition (50% 
of trials), the target stimulus was always 
presented in the center of the screen, while 
in the predictive condition (50% of trials), 
the target was slightly shifted to the top or 
bottom of the screen (approx. 3 cm/ 3° 
visual angle), thus constituting an implicit 
feature. Importantly, all stimuli requiring a 
left response were shifted upwards in the 
predictive condition, whereas stimuli 
requiring a right response were shifted 
downwards. Participants were not 
informed about this and did not report any 
explicit knowledge about the predictive 
feature of the stimuli at the end of the 
experiment. By contrasting the predictive 
and baseline condition of each task, the 
effect of cognitive control on the automatic 
exploitation of implicit stimulus feature 
and response bindings is able to be 
investigated. Behavioral measures 
(accuracy and mean response times of 
correct responses) for each combination of 
“task” (high vs. low demand) and 
“condition” (predictive vs. baseline) were 
collected for further analyses. 
 
--------------------------------- 
Insert Figure 3 about here 
---------------------------------- 
 
Statistical analysis 
Independent t-tests were used to compare 
psychometric scores, scores of 
neuropsychological battery and thalamic 
GABA concentrations of patients and 
controls. Behavioral data of the 
experimental task were analyzed using 
mixed effects ANOVAs comprising the 
within-subject factors “task” (low demand 
vs. high demand) and “condition” 
(predictive vs. baseline). “group” (patients 
vs. controls) was used as between-subjects 
factor. Greenhouse–Geisser correction was 
applied whenever necessary. All tests were 
Bonferroni-corrected, whenever necessary. 
Values are provided as means ± SEMs. 
Also, MRS data was integrated with the 
behavioral data by means of correlation 
and regression analyses 
36,56–58
. Multiple 
linear regression analyses were calculated 
using the “enter” method. The individual 
thalamic GABA concentrations were used 
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to predict the behavioral differences 
between patients and healthy controls. The 
group effect (i.e. patients vs. controls) was 
also included in the regression analyses. 
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Table 
Table 1: Subject characteristics, neuropsychological scores for RLS patients and controls, and 
p-value for group comparision. 
 
  
 
RLS 
(n=25) 
Control 
(n=31) 
Group difference 
(p value) 
Age 60.16 ± 2.21 60.25 ± 1.87 p = .973 
Sex (Female %) 72% 74%  
IRLS 
22.89 ± 1.46 
(severe RLS symptoms) 
  
Previous night sleep 
duration (hours) 
5.28 ± .33 6.45 ± .24 p = .005 
Sleep quality .04 ± .17 .68 ± .54 p = .001 
BDI 8.98 ± 1.11 6.22 ± .95 p = .062 
FSMC (total) 52.46 ± 3.53 31.61 ± 1.99 p < .001 
FSMC (cognitive) 25.66 ± 1.85 15.25 ± .95 p < .001 
FSMC (motoric) 26.80 ±1.76 16.35 ± 1.11 p < .001 
D-MEQ 59.76 ± 1.80 57.81 ± 1.72 p = .439 
Stroop word (sec) 15.50 ± .59 14.46 ± .38 p = .133 
Stroop color (sec) 21.81 ± .78 20.65 ± .53 p = .212 
Stroop conflict (sec) 37.30 ± 1.69 36.82 ± 1.43 p = .829 
d2-R 134.36 ± 5.66 131.59 ± 6.81 p = .760 
ZST 51.92 ± 1.60 52.61 ± 2.09 p = .801 
MMSE 28.80 ± .24 28.97 ± .20 p = .588 
Digit span forward 7.20 ± .37 6.71 ± .28 p = .279 
Digit span backward 5.92 ± .37 5.81 ± .32 p = .816 
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Figures 
 
 
 
 
Figure 1 
Scatterplots denote the correlation between thalamic GABA levels and behavior task 
performances. (a) Correlation between thalamic GABA levels and general accuracy. (b) 
Correlation between thalamic GABA levels and accuracy differences between tasks. Black 
dots depict RLS patients and open circles depict healthy controls. Solid line denotes slope of 
correlation in RLS patients and dotted line denotes the slope of correlation in healthy controls.  
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Figure 2 
Representative example of placement of the 3x3x3 cm-sized VOI in the left thalamus (on the 
transversal, coronal and sagittal slice, see top of the graph) and the corresponding spectrum 
(modified PRESS-sequence, see bottom of the graph), calculated with the LC-Model software. 
The grey lines show the measured spectrum, as well as the calculated baseline. The red line 
depicts the LC-Model fit (based on a specially designed basis-data set for the subsequent 
calculation of metabolite concentrations). Moreover, the residual between the originally 
measured and the fitted spectrum is shown (within the upper part of the LC-Model output). 
The corresponding example of the adapted MATLAB-script output (with corrected absolute 
metabolite concentrations and SD-values) of the same study participant is attached in the 
supplementary information. Please note that while the size of the VOI does indeed exceed the 
borders of the thalamus, we decided not to use a smaller VOI, as this would have severely 
impaired the signal to noise-ratio of the obtained data.   
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Figure 3 
Illustration of the experimental paradigm. Each trial started with the target presentation which 
was either terminated by the first response or stopped after 2000 ms automatically (in this 
case, it was coded as a “miss”). It was followed by a 700 ms blank screen, a 500 ms feedback 
(“+” for correct and “-” for incorrect or missed responses) and a second 500 ms blank screen 
before next trial presentation. (b) Illustration of all employed target stimuli. While targets 
could vary in color, shape, and size, only four combinations of these features were used. The 
two stimuli on the left of this graph required a left hand (LH) response while the two stimuli 
on the right on the graph required a right hand (RH) response. As explained in the methods 
section, this made the rules used for the high and low demand tasks arbitrary. (c) Illustration 
of the baseline vs. predictive condition. In the baseline condition, all stimuli were presented in 
the center of the screen while they were shifted either slightly (3 cm) upward or downward in 
the predictive condition. Unbeknownst to the participants, all upward stimuli required a left 
hand response while all downward stimuli required a right hand response. 
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Supplementary Information:  
 
 
 
 
 
 
 
Detailed information about discontinuation of RLS medication prior to tests 
In terms of regular medical treatment, n=20 or 80 % of patients were under dopaminergic 
treatment with Levodopa or dopamine agonists. n=4 of these 20 patients took dopaminergic 
prolonged release medication. The half-life of those retard products (such as rotigotine 
patches) used by the patients of our sample varied between 3 and 12 hours and is therefore 
substantially longer than that of regular non-retarded levodopa products (mostly between 1 
and 3 hours). On this account, all patients with dopaminergic treatment were asked to abstain 
from dopaminergic medication at least 24 h but not more than 3 days prior to their 
appointment to minimize medication effects. When patients were using prolonged release 
medication (which is sometimes prescribed in combination with short-acting levodopa), they 
were required to discontinue their prolonged release medication 3 days before the 
appointments and to discontinue the short-acting levodopa 24 hours prior to their 
appointments. One patient who took opioids in addition to the dopamine agonists was asked 
not to discontinue the opioids due to safety reasons. n=5 or 20% of patients did not receive 
any medication for RLS symptoms at the time of the study. 
 
Questionnaires and neuropsychological assessment  
As RLS severity, depressive symptoms, fatigue, individual chronotype, sleep duration and 
sleep quality could potentially affect the behavioral performance investigated in this study, 
they were assessed with the help of different questionnaires. The International RLS Study 
Group RLS Rating Scale (IRLS) was used to measure the severity of RLS symptoms 
1
 of 
patients. All participants were asked to complete the Beck Depression Inventory (BDI) 
2
 and 
the fatigue scale for motor and cognitive functions (FSMC) 
3
. A self-assessment 
Morningness-Eveningness questionnaire (D-MEQ) was applied to evaluate inter-individual 
differences in circadian rhythms 
4
. In addition, sleep duration in hours and sleep quality of the 
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previous night were indicated by each participant. Sleep quality was rated by means of a 
three-level Likert item (“poor”, “moderate”, “good” with a distributed value of -1, 0, and 1, 
respectively). To obtain a comprehensive cognitive assessment of all study participants, the 
following neuropsychological tests were conducted: test d2-Revision assessing selective and 
sustained attention 
5
, the stroop color and word test determining the individual’s inhibition 
and cognitive flexibility 
6
, the digit symbol test (Zahlen-Symbol-Test: ZST) assessing the 
speed of information processing 
7
, the mini-mental state examination (MMSE) estimating the 
severity and progression of cognitive impairments 
8
, and the digit span test  measuring 
working memory 
7
.  
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Abstract 
The circadian variation of sensory and motor symptoms with increasing severity in the 
evening and at night is a key diagnostic feature/symptom of the restless legs syndrome (RLS). 
Even though many neurological diseases have shown a strong nexus between motor and 
cognitive symptoms, it has remained unclear whether cognitive performance of RLS patients 
declines in the evening and which neurophysiological mechanisms are affected by the 
circadian variation. In the current study, we examined daytime effects (morning vs. evening) 
on cognitive performance in RLS patients (n=33) compared to healthy controls (n=29) by 
analyzing flanker interference effects in combination with EEG and source localization 
techniques. RLS patients showed larger flanker interference effects in the evening than in the 
morning (p = .023), while healthy controls did not display a comparable circadian variation. 
In line with this, the neurophysiological data showed smaller N1 amplitudes in RLS patients 
compared to controls in the interfering task condition in the evening (p = .042), but not in the 
morning. The results demonstrate diurnal cognitive changes in RLS patients with intensified 
impairments in the evening. It seems that not all dopamine-regulated cognitive processes are 
altered in RLS and thus show daytime-dependent impairments. Instead, the daytime-related 
cognitive impairment emerges from attentional selection processes within the extra-striate 
visual cortex, but not from later cognitive processes such as conflict monitoring and response 
selection. 
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Highlights 
 RLS patients have larger flanker interference effect in the evening  
 RLS patients have enhanced impairment of attentional selection in the evening 
 Nocturnal attentional impairment relies on the extra-striate visual cortex 
 Conflict monitoring and response selection are not affected by RLS 
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1. Introduction 
The restless legs syndrome (RLS) is a 
sensory-motor disorder causing a strong 
urge to move when staying at rest, 
especially in the evening and at night. In 
spite of the circadian variation of sensory 
and motor symptoms with increasing 
severity at night, potential associated 
diurnal changes of cognitive performance 
have not yet been investigated in RLS 
patients. RLS is strongly associated with a 
dopaminergic dysregulation and low doses 
of dopamine agents effectively reduce RLS 
symptoms (Allen et al., 2009; Cervenka et 
al., 2006; Clemens et al., 2006; Earley et 
al., 2013; Hening et al., 1999; Trenkwalder 
et al., 2005; Trenkwalder and Paulus, 
2010). Taking into account that dopamine 
plays an important role in both motor 
(Albin et al., 1995) and cognitive functions 
(Nieoullon, 2002), RLS patients should 
presumably also suffer from cognitive 
dysfunction. By means of various 
neuropsychological tests, cognitive deficits 
of RLS patients in the domains of attention, 
verbal fluency, and executive function 
have been shown in previous studies 
(Fulda et al., 2010, 2011; Pearson et al., 
2006). Given that dopamine acts as a part 
of the circadian timing system 
(Domínguez-López et al., 2014; Garcia-
Borreguero et al., 2004b; Kawano et al., 
1990; Videnovic and Golombek, 2013; 
Wilkes et al., 1981), cognitive deficits of 
RLS patients may also vary with the time 
of the day. Based on the circadian pattern 
of motor symptoms, we assume that RLS 
patients have enhanced cognitive 
dysfunctions in the evening as compared to 
the morning. Cognitive processes such as 
selective attention, cognitive control, and 
response selection, are strongly modulated 
by dopamine (Falkenstein et al., 2006; 
Nieoullon, 2002; Russell et al., 1995; 
Sagvolden, 2000; Wylie et al., 2005, 2009) 
and may therefore be vulnerable to the 
changed dopaminergic circadian rhythms 
in RLS patients (Earley et al., 2006; 
Garcia-Borreguero et al., 2004a) and 
consequentially show strong timing effects 
/ fluctuations during the day. To test this 
hypothesis, merely applying standard 
neuropsychological tasks would be 
problematic as it would remain unclear 
which underlying neurophysiological 
mechanisms are impaired in RLS patients. 
EEG and event-related potentials (ERPs) 
provide an excellent approach to this 
problem. Using EEG, Jung et al. (Jung et 
al., 2011) found attentional dysfunction in 
RLS patients compared to healthy controls, 
but this study did not provide insights into 
the underlying functional neuroanatomical 
structures and no hints for possible 
circadian effects. 
The aim of the current study was to 
determine which cognitive 
neurophysiological sub-processes within 
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the cascade from early attentional stimulus 
processing to response selection 
mechanisms are modulated by the disease-
relevant circadian rhythm of RLS patients 
and which functional neuroanatomical 
networks contribute to this daytime effect. 
Therefore, we combined EEG with source 
localization techniques (i.e., sLORETA) 
and examined daytime effects (morning vs 
evening) on cognitive functions in RLS 
patients compared to healthy controls. 
Dopamine-regulated cognitive processes 
such as selective attention, conflict 
monitoring and response selection can be 
examined by means of a flanker task 
(Eriksen and Eriksen, 1974; Wylie et al., 
2009). The flanker task has been proved to 
be well-suited to investigate dopamine-
related cognitive functions (Beste et al., 
2008a, 2008b, 2015, 2017). Here, selective 
attentional processing is necessary to select 
task-relevant information and to suppress 
distracting information (Beste et al., 2008a; 
Cagigas et al., 2007). As conflict arises in 
the condition with distracting information, 
effective conflict monitoring is required for 
correct response selection as the response 
tendencies caused by flankers need to be 
suppressed (Eimer et al., 1995; 
Ridderinkhof et al., 1995; Wylie et al., 
2009). Previous studies have reported that 
Parkinson patients, who also suffer from 
dopaminergic dysfunctions, showed an 
increased flanker interference effect 
(Praamstra et al., 1998, 1999; Willemssen 
et al., 2011; Wylie et al., 2009). This 
suggests that RLS patients should also 
show increased interference effects and 
that this impairment should be stronger in 
the evening.  
An increased impairment in attentional 
selection reflected by the N1 ERP (Beste et 
al., 2010; Herrmann and Knight, 2001; 
Hillyard and Anllo-Vento, 1998; Luck et 
al., 2000; Schneider et al., 2012) as well as 
later cognitive processes such as conflict 
monitoring reflected by the N2 (Folstein 
and Van Petten, 2008; Kopp et al., 1996; 
Tillman and Wiens, 2011) and stimulus-
response mapping reflected by the P3 
(Verleger et al., 2005) might be found 
among RLS patients in the evening. 
Furthermore, a reduced D2 receptor 
binding has been found in RLS patients 
(Michaud et al., 2002; Staedt et al., 1993, 
1995a, 1995b; Turjanski et al., 1999) . As 
D2 autoreceptors are especially sensitive in 
the evening (Domínguez-López et al., 2014) 
and blockade of D2 receptors reduces 
acetylcholine efflux (Moore et al., 1999), a 
reduced D2 receptor binding in RLS 
patients can exert a strong influence on 
acetylcholine distribution in the evening. 
Since cholinergic activity directly 
contributes to the modification of receptive 
field properties or the suppression of 
contextual information, a marked impact 
on early attentional processes reflected by 
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P1 and N1 may be evident in RLS patients. 
Apart from this, the extension of the 
dopaminergic cortical innervation in the 
rostro-caudal direction is related to the 
cognitive capacities such as sensorimotor 
integration (Nieoullon, 2002) and this 
anterior-posterior communication is 
impaired in RLS patients (Choi et al., 
2012). Based thereon, the early attentional 
processes which are associated with 
posterior areas are likely to be more 
severely concerned than cognitive 
processes, which are related to frontal 
areas. 
 
2. Methods 
2.1 Patients and controls 
N= 33 adult patients with a stable 
medication treatment for at least 4 weeks 
were recruited from the Sleep disorders 
outpatient clinic of the Department of 
Neurology, Carl Gustav Carus University 
hospital in Dresden, Germany. The patients 
had a confirmed RLS diagnosis based on 
the International Restless Legs Syndrome 
Study Group (IRLSSG) diagnostic criteria 
(Allen et al., 2014) and showed no other 
neurological or psychiatric diseases. N= 33 
individually age- (± 3 years) and gender-
matched healthy control participants were 
recruited for comparison with the RLS 
patients. The control group was free of any 
neurological or psychiatric diseases. 
Patients and controls were tested in the 
morning (beginning between 8 and 9 am) 
and in the evening (beginning between 5 
and 6pm). The time of the first 
appointment (first testing in the evening or 
morning) was randomly assigned to the 
patient group an 1:1 matched controls were 
assigned to the same order as their RLS 
counterpart. The time between the two 
appointments was maximal one week to 
make sure that the individual performance 
variation between two appointments could 
only marginally be affected by disease 
progression. Four controls had to be 
excluded due to data quality problems. In 
total, the data of 33 patients (age: 65.21 ± 
1.78, 25 female, 19 patients had their first 
appointment in the morning) and 29 
controls (age: 64.41 ± 1.60, 22 female, 18 
controls had their first appointment in the 
morning) were analyzed. Of note, we made 
efforts to balance the order of 
appointments so that daytime effects would 
not be confounded with learning effects. 
n=25 or 75.8 % of RLS subjects were 
under dopaminergic treatment with 
Levodopa or dopamine agonists. 
Dopaminergic medication was 
discontinued at least 24 h prior to each 
appointment to minimize effects of the 
medication. Given that all of the patients 
took their RLS-medication only in the 
evening, they typically took the last dosage 
about 36 h prior to the morning 
appointment and at about 24h prior to their 
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evening appointments. . For prolonged 
release medication like L-
Dopa/benserazide retarde or rotigotine 
patches, we asked the patients to abstain 
from using them for at least 24 h prior to 
each appointment. Due to compliance 
issues and patient safety, no RLS patient 
was asked to abstain from their RLS 
medication for more than 3 days.  The n=8 
or 24.2 % of the patients who took opioids 
or antidepressants, were not to discontinue 
during the study due to safety reasons. 
Patients who took benzodiazepines were 
not included in this study to avoid potential 
confounding by manipulations of other 
neurotransmitter systems that are 
potentially involved in RLS (Winkelman et 
al., 2014). RLS patients that reported ever 
having experienced RLS symptoms before 
noon, or reported RLS symptoms during 
the morning appointment indicating 
treatment-related augmentation were 
excluded from the study. The study was 
approved by the institutional review board 
of the Medical faculty of the TU Dresden 
in Germany (EK 27012014) and conducted 
in accordance with the declaration of 
Helsinki. All participants received a 
reimbursement of 60 € for taking part in 
the study. 
 
2.2 Questionnaires and 
Neuropsychological assessment 
The International RLS Study Group RLS 
Rating Scale (IRLS) was used to measure 
the severity of RLS symptoms (Walters et 
al., 2003) in patients. All participants were 
required to complete the Beck Depression 
Inventory (BDI) (Beck et al., 1961) and the 
fatigue scale for motor and cognitive 
functions (FSMC) (Penner et al., 2009). A 
self-assessment Morningness-Eveningness 
questionnaire (MEQ) was used to evaluate 
inter-individual differences in the circadian 
rhythms (Horne and Ostberg, 1976). In 
addition, sleep duration and sleep quality 
prior to each appointment were rated by 
participants. Sleep quality was rated by 
means of a three-level Likert item (“poor”, 
“moderate”, “good” with a distributed 
value of -1, 0, and 1, respectively). This 
study’s neuropsychological battery 
included the following tests: 1). Verbal 
learning and memory retention test (VLMT) 
involving immediate retention and long-
term verbal memory (Helmstaedter et al., 
2001) 2) Test d2-Revision (Brickenkamp 
et al., 2010) assessing selective and 
sustained attention. 3) The stroop color and 
word test determining the individual’s 
cognitive flexibility (Jensen and Rohwer 
Jr., 1966). 4) Benton visual retention test 
assessing visual perception and visual 
memory (Benton, 1945). 
 
2.3 EEG Task 
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To measure attentional and conflict 
monitoring processing, a flanker task 
(Kopp et al., 1996) was applied. In this 
task, three vertically arranged stimuli were 
presented. The target stimulus (arrowhead) 
was presented in the center pointing either 
to the left or right. It was flanked by two 
adjacent, vertically aligned arrowheads 
(one above and one below the target) that 
pointed either in the same (compatible) or 
in the opposite (incompatible) direction as 
the target (see figure 1). The subjects had 
to determine the direction of the target 
stimulus (the central arrowhead) by 
pressing the left and right Ctrl buttons on a 
regular computer keyboard using their left 
and right index fingers. Compatible (75%) 
and incompatible stimuli (25%) were 
presented randomly. To exert time pressure, 
a warning tone was presented if the 
subjects did not respond within 450 ms. 
The flankers preceded the target by 200 ms. 
The target was then presented for 300 ms 
and simultaneously switched off together 
with the flankers. A fixation cross was 
presented at the center of the screen during 
the response-stimulus interval, which was 
randomly varied between 900 to 1300 ms. 
The experiment consisted of 384 trials 
divided into 4 equally sized blocks. 
Participants were encouraged to respond as 
quickly and accurately as possible. 
 
--------------------------------- 
Insert Figure 1 about here 
---------------------------------- 
 
2.4 EEG recording and analysis 
The EEG was recorded from 60 Ag–AgCl 
electrodes at equidistant positions with a 
sampling rate of 500 Hz. The reference 
electrode was located at Fpz and the 
ground electrode was located at θ = 58, ф = 
78. Electrode impedances were kept below 
5 kΩ. The recorded data were down-
sampled off-line to 256 Hz using spline 
interpolation and a band-pass filter from 
0.5 to 20 Hz with a slope of 48 db/oct each 
was applied. A manual raw data inspection 
was implemented to remove technical 
artifacts and irregular facial movement 
artifacts, while periodically occurring 
artifacts such as pulse artifacts, horizontal 
and vertical eye movements were 
subsequently detected and corrected using 
an independent component analysis (ICA; 
infomax algorithm). Afterwards, flanker-
locked segments of trials with correct 
responses were separately formed for all 
conditions. Segments started 200 ms prior 
to the locking point (flanker onset) and 
ended 1200 ms thereafter. Next, an 
automated artifact rejection procedure was 
applied to remove all the segments the 
amplitudes of which were below −100 μV 
or above 100 μV, or which had value 
differences of more than 200 μV in a 200 
ms interval, or less than .5 μV in a 100 ms 
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interval. After that, a current source 
density (CSD) transformation was applied 
to eliminate the reference potential from 
the data (Perrin et al., 1989). Aside from 
eliminating the reference potential, the 
CSD transformation is known to serve as a 
spatial filter (Nunez and Pilgreen, 1991), 
which attenuates possible effects of 
volume conduction (Cohen, 2014; Vidal et 
al., 2015) and helps to identify electrodes 
best reflecting different ERPs (Nunez and 
Pilgreen, 1991; Tenke and Kayser, 2012). 
A baseline correction was then set to a 
time interval from -200 ms to 0 ms before 
the segments were separately averaged for 
each condition. After that, electrodes P7, 
P8, P9, P10, Cz, PO1, and PO2 were 
selected on the basis of the scalp 
topography of the different ERP 
components. All ERP components were 
quantified by extracting the mean 
amplitude of brief time intervals centered 
around the respective peaks. The P1 and 
N1 ERPs were quantified at electrodes P7, 
P8, P9 and P10 following the flanker (P1: 
90-100 ms; N1: 155-170 ms) and 
following the target stimulus (P1: 310-320 
ms; N1: 400-430 ms). At electrode Cz, the 
N2 ERPs were quantified by extracting the 
mean amplitude of the time interval from 
520 ms to 550 ms. At electrodes PO1 and 
PO2, the P3 ERPs were quantified by 
using the time interval from 510 ms to 540 
ms. All ERP components were quantified 
relative to the baseline. The choice of 
electrodes was statistically validated using 
the method used by Mückschel et al. 
(Mückschel et al., 2014). This procedure 
revealed the same electrodes as identified 
by visual inspection. 
To identify functional neuroanatomical 
structures that are (differentially) 
modulated by daytime effects and the 
experimental conditions in RLS patients, 
we used sLORETA (standardized low 
resolution brain electromagnetic 
tomography) (Pascual-Marqui, 2002). 
sLORETA reveals high convergence with 
fMRI data and neuronavigated EEG/TMS 
studies, which underlines the validity of 
the sources estimated using sLORETA 
(Dippel and Beste, 2015; Sekihara et al., 
2005). sLORETA gives a single linear 
solution to the inverse problem based on 
extra-cranial measurements without a 
localization bias (Pascual-Marqui, 2002; 
Sekihara et al., 2005). For sLORETA, the 
intracerebral volume is partitioned into 
6239 voxels at 5 mm spatial resolution. 
The standardized current density at each 
voxel is calculated in a realistic head 
model (Fuchs et al., 2002) using the 
MNI152 template (Mazziotta et al., 2001). 
In this study, the voxel-based sLORETA 
images were compared between patients 
and controls using the sLORETA-built-in 
voxel-wise randomization tests with 2000 
permutations, based on statistical 
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nonparametric mapping (SnPM). Voxels 
with significant differences (p < .01, 
corrected for multiple comparisons) 
between contrasted conditions were 
located in the MNI-brain. 
 
2.5 Statistical analysis 
Independent t-tests were used to compare 
psychometric scores of patients and 
controls (BDI, MEQ, FSMC, sleep 
duration and quality). Data assessed by the 
neuropsychological battery and behavioral 
as well as neurophysiological data of the 
EEG task were analyzed using separate 
mixed effects ANOVAs comprising the 
within-subject factors daytime (morning vs. 
evening), condition (compatible vs. 
incompatible – wherever applicable), and 
electrode (wherever applicable). Group 
(patients vs. controls) and first 
appointment (participants whose first 
appointment was in the morning vs. in the 
evening) were used as between-subjects 
factors. Separate ANOVAs were calculated 
for each behavioral and neurophysiological 
measure. Greenhouse–Geisser correction 
was applied whenever necessary. Values 
are provided as means ± SEMs. Post-hoc 
tests were Bonferroni-corrected whenever 
necessary.  
 
3. Results 
We compared the behavioral and 
neurophysiological data obtained from our 
flanker task between RLS patients and 
healthy controls to investigate which 
cognitive processes and their underlying 
neurophysiological mechanisms were 
impaired in RLS patients. Since our focus 
was on group differences, we report all 
effects, which did not include the group 
factor (i.e. group-unrelated main effects 
and interactions) in the supplement (see 
supporting information).  
 
3.1 Questionnaires and 
neuropsychological assessment 
Clinical characteristics of the patients 
including the neuropsychological data are 
shown in Table 1.  
 
-------------------------------- 
Insert Table 1 about here 
--------------------------------- 
 
3.2 Behavioral data  
For the accuracy / errors in percent, no 
group-related effects were found (all F 
<3.02; all p > .088). 
For the RTs, the mixed effects ANOVA 
revealed an interaction effect of “daytime x 
condition x group” (F(1,57) =4.62; p 
= .036; η
2
 = .075) showing that the 
interaction of “daytime x condition” was 
only found in the patient group (F(1,32) = 
5.69; p = .023; η
2
 = .151), but not in 
controls (F(1,27) = .29; p = .595; η
2
 
= .011). Further analyses for the patients 
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showed that there was a larger condition 
difference in the evening (incompatible-
compatible: 81 ms ± 6) than in the morning 
(incompatible-compatible: 73 ms ± 6) (t(32) 
=2.39; p = .023). No other significant 
group-related effects were found (all F 
<3.62; all p > .062). To rule out that the 
group related effects were based on motor 
restrictions or sleep disturbances observed 
in the RLS patients, we calculated 
correlations between IRLS scores, fatigue, 
sleep duration, and sleep quality of the 
patients with their RTs. No significant 
correlations were found (all |r| < .30, all 
p > .084; Bonferroni-corrected significance 
threshold here is p= .006). Regarding the 
neuropsychological test, group differences 
were only found in the d2-R test (see Table 
1). Interestingly, the RTs in the flanker 
task were significantly correlated with the 
d2-R performance scores. Participants who 
had higher scores in the d2-R test also 
responded faster in the flanker task (r=-
.331, p=.010). Taken together, only RLS 
patients showed larger RT-based condition 
differences (compatible vs incompatible) 
in the evening than in the morning.  
Given that the RLS patients were receiving 
different types of medical treatment, which 
might have potentially biased their 
behavioral performance, we furthermore 
conducted a Kruskal-Wallis tests to check 
whether there were any differences in 
accuracy or RTs between different 
treatment types. Contrasting L-Dopa (n=7), 
dopamine agonists (n=8), multiple 
pharmacological treatments for RLS 
(n=10), and no pharmacological treatment 
(n=7). Importantly, we found no significant 
differences / medication effects in any of 
the tested behavioral measures (all p 
≥ .408). 
 
3.3 Neurophysiological data of the flanker 
task 
3.3.1 Early attentional processing 
The P1 and N1 ERPs are shown in Figure 
2. 
-------------------------------- 
Insert Figure 2 about here 
-------------------------------- 
 
For the flanker-elicited P1 at electrodes 
P7/P8/P9/P10, no group-related effects 
were significant (all F <3.55; all p > .065). 
For the flanker-elicited N1 at electrodes 
P7/P8/P9/P10, an interaction of “daytime x 
group” (F(1,57) =4.50; p = .038; η
2
 = .073) 
was found. While healthy controls had a 
larger flanker N1 amplitude in the evening 
(-41.78 µV/m² ± 4.20) than in the morning 
(-38.19 µV/m² ± 4.06) (t(28) =-2.09; p 
= .046), patients did not show such 
daytime effects (t(31) =1.29; p = .208; 
morning: -37.19 µV/m² ± 4.28; evening: -
34.62 µV/m² ± 4.03). No other group-
related effects were significant (all F <2.17; 
all p > .094).  
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Analyzing the target-elicited P1 at 
electrodes P7/P8/P9/P10, no group-related 
effects were significant (all F <2.63; all 
p > .052). For the target-evoked N1 at 
electrodes P7/P8/P9/P10, an interaction of 
“daytime x group x condition x electrode” 
(F(3,171) =2.70; p = .047; η
2
 = .045) was 
found showing an interaction effect of 
“daytime x group x condition” at electrode 
P9 (F(1,59) =4.44; p = .039; η
2
 = .070), but 
no interactions at other electrodes (all F < 
1.43; all p > .237). At electrode P9, an 
independent t test revealed that controls (-
34.52 µV/m² ± 4.72) had larger target N1 
amplitudes than patients (-25.25 µV/m² ± 
2.72) only in the incompatible condition in 
the evening (t(60) =-1.75; p = .042) (all 
other comparisons: all |t| ≤ 1.38; p ≥ .085). 
The sLORETA analysis revealed that this 
difference between the patient group and 
the control group in the incompatible 
condition in the evening was due to 
activity differences in the extra-striate 
visual cortex (BA18), where controls had a 
larger activation than RLS patients. No 
other group-related effects were significant 
(all F <3.42; all p > .069). 
 
3.3.2 Conflict processing 
The N2 ERPs are shown in Figure 3. 
 
-------------------------------- 
Insert Figure 3 about here 
-------------------------------- 
 
For the N2 at electrode Cz, an interaction 
effect of “condition x group x daytime x 
first appointment” (F(1,57) =4.41; p = .040; 
η
2
 = .072) was found showing an 
interaction of “condition x daytime x group” 
among participants who had their evening 
appointment first (F(1,23) =5.65; p = .026; 
η
2
 = .197), but not in  participants who had 
their first appointment in the morning 
(F(1,34) = .41; p = .529; η
2
 = .012). 
Further analyses for the participants who 
had their first appointment in the evening 
revealed that only healthy controls had a 
larger target N2 in the incompatible 
condition (-23.68µV/m² ± 3.92) than the 
compatible condition (-14.33µV/m² ± 4.05) 
in the morning (at their second 
appointment) (t(10) =2.99; p = .014) but 
not in the evening (at their first 
appointment) (t(10) =1.06; p = .313). In 
contrast, patients did not show any 
condition differences in the morning (at 
their second appointment) (t(10) =1.09; p 
= .297) or in the evening (at their first 
appointment) (t(10) = .621; p = .546) In 
short, only healthy controls who had their 
first appointment in the evening showed a 
condition difference (incompatible > 
compatible) at their second appointment. 
No other significant group-related effects 
were revealed (all F < 3.99; all p > .051). 
For the N2, Bayesian analysis was 
performed to further confirm the lack of 
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the key interaction of “daytime x group x 
condition”. Other than regular ANOVAs, 
Bayesian analyses reveal the probability of 
the null hypothesis being true, given the 
observed data (Masson, 2011; 
Wagenmakers, 2007). Given the data D 
obtained in this study, this possibility was 
p(H0|D) = 78 %, which provides positive 
evidence for the null hypothesis holding 
true according to the criteria provided by 
Raftery (Raftery, 1995). 
 
3.3.3 Stimulus evaluation, response 
selection, and context updating 
The P3 ERPs are shown in Figure 4. 
 
-------------------------------- 
Insert Figure 4 about here 
-------------------------------- 
 
Analyzing the P3 at electrodes PO1/PO2, 
no group-related effects were found (all F 
< 2.86; all p > .096). For the P3, the 
Bayesian analysis revealed that the 
probability of the null hypothesis being 
true, given the obtained data, was p(H0|D) 
= 88 %, which also supports the null 
hypothesis that the interaction of “ daytime 
x group x condition” was not present 
(Raftery, 1995). 
 
4. Discussion 
In the current study, we examined whether 
and how circadian variations affect 
cognitive processes in RLS patients, 
putting a focus on the modulated 
neurophysiological mechanisms. Given 
that an essential diagnostic feature of RLS 
is the presence of circadian symptom 
variations, we hypothesized that like the 
motor symptoms, cognitive deficits of RLS 
patients might be intensified in the evening. 
Our behavioral data showed that the RLS 
patients suffered from a cognitive decline 
in the evening, which could not be 
explained by RLS severity, fatigue, or 
impaired sleep quality. Also, the 
medication of the participants did not 
cause any significant performance 
differences within the patient group. RLS 
patients showed larger RT differences 
between the incompatible and the 
compatible condition (i.e. a larger flanker 
interference effect) in the evening than in 
the morning while healthy controls did not 
display a comparable circadian variation. 
Based thereon, the allocation of selective 
attention to relevant information, conflict 
monitoring or response control, which 
were all required in the interfering task 
condition, could be strongly impaired 
among RLS patients in the evening. 
Besides, RTs in the flanker task were 
significantly correlated to performance 
scores of the d2-R test, in which 
participants were required to select 
relevant stimuli and to ignore distractors. 
As the task requirement of d2-R test is 
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similar to that of the flanker task, in which 
participants were asked to focus on the 
target and to suppress the attention to 
flanker stimuli surrounding it the 
correlation between two task performances 
may provide important hint that the 
decreased performance of RLS patients in 
the evening strongly relies on attentional 
selection. As RLS patients did not show a 
general slowing of RTs in the evening, the 
poor performance of the patients in the 
evening could not result from motor 
restrictions or dysfunctions associated with 
RLS (as further underpinned by the lack of 
significant correlations between RLS 
symptom severity and behavioral 
measures). This interpretation is supported 
by our neurophysiological data, which 
showed that controls had a larger target N1 
than the RLS patients in the incompatible 
condition when the task was conducted in 
the evening. The N1 has been reported to 
reflect attentional selection processes such 
as focusing on task-relevant stimuli 
(Herrmann and Knight, 2001; Hillyard and 
Anllo-Vento, 1998; Luck et al., 1990). The 
smaller N1 indicates that the attentional 
selection processes of RLS patients were 
impaired in the evening. This is consistent 
with previous findings that attentional 
selection is more demanding in conflict 
situations where adjustments in attentional 
selection processes help to resolve 
conflicts (Botvinick et al., 2001; 
Chmielewski et al., 2014). The source 
localization analysis revealed that the 
group differences between RLS patients 
and controls observed in the evening 
resulted from smaller activation of the 
extra-striate visual cortex (BA18), which 
contributes to selecting the important and 
filtering out the irrelevant information 
(Desimone, 1998; Herrmann and Knight, 
2001; Kastner et al., 1998), in RLS patients 
compared to controls. Furthermore, 
attentional impairments shown by patients 
in the evening were supported by the 
daytime-related group differences reflected 
by the flanker N1. A general condition-
independent circadian variation was only 
found in the healthy controls. The controls 
had a larger N1 in the evening than in the 
morning indicating that attentional 
involvement was intensified to compensate 
reduced alertness in the evening (Blatter 
and Cajochen, 2007; Dijk et al., 1992), so 
that the performance in the evening could 
still equal that of the morning. In contrast, 
RLS patients have seemingly failed to 
enhance attentional processes to achieve 
such compensation in the evening, 
ultimately resulting in worse performance 
in the evening than in the morning. Since 
there were no group differences in terms of 
MEQ scores (see Table 1), we rejected the 
alternative explanation that the 
performance impairments of RLS patients 
in the evening were due to chronotype 
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differences. It is possible that the poor 
cognitive performance of the RLS patients 
in the evening could be due to 
dopaminergic dysfunction (Kähkönen et al., 
2002; Nieoullon, 2002; Shine, Halliday, 
Naismith, & Lewis, 2011). Matching this, 
studies show that the early attentional 
processing in the extra-striate cortex can be 
top-down regulated by frontal cortex 
(Barceló et al., 2000; Herrmann and 
Knight, 2001). As striatal dopamine 
modulate the fontal activity through 
distinct cortico-basal ganglia circuits 
(Chudasama and Robbins, 2006; Haber, 
2016), dopamine may indirectly affect the 
early attentional modulation. Aside from 
this, striatal dopamine may directly affect 
visual processing through possible 
connections with the visual cortex (Beste 
et al., 2008a; Silkis, 2007). Dopamine is 
involved in regulating circadian rhythms 
(Domínguez-López et al., 2014; Garcia-
Borreguero et al., 2004b; Kawano et al., 
1990; Videnovic and Golombek, 2013; 
Wilkes et al., 1981) and the diurnal 
variation of dopamine is characterized by a 
peak in the morning and nadir in the 
evening (Barrière et al., 2005; Kawano et 
al., 1990; Wilkes et al., 1981). Given that 
RLS patients show greater circadian 
changes in CSF dopaminergic measures 
(Barrière et al., 2005; Earley et al., 2006; 
Garcia-Borreguero et al., 2004a), it is well 
possible that this abnormality in dopamine-
related circadian rhythm has an influence 
on attentional selection processes. A 
reduced D2 receptor binding has been 
reported among RLS patients (Michaud et 
al., 2002; Staedt et al., 1993, 1995a, 1995b; 
Turjanski et al., 1999) and blockade of D2 
receptors attenuates acetylcholine efflux 
(Moore et al., 1999), which also plays an 
important role in the attention system 
(Sarter et al., 2006). Inasmuch as the 
sensitivity of D2 autoreceptors is higher in 
darkness (evening phases) (Domínguez-
López et al., 2014), a reduced D2 receptor 
binding of patients may impact the 
cholinergic system more intensively in the 
evening, resulting in the observed 
attentional deficits. These may emerge 
because of close interactions of the 
cholinergic and dopaminergic system. 
Aside from this, Choi et al. (Choi et al., 
2012) reported a weaker anterior-posterior 
interregional interaction in the RLS 
patients, which may be caused by an 
alteration in gray matter (Unrath et al., 
2007) and dopaminergic dysfunction 
(Allen and Earley, 2001). This disturbance 
of interregional interactions might explain 
the observed activation differences in the 
extra-striate visual cortex and the resulting 
deficits in attentional selection processes. 
Strikingly, unlike in other dopamine-
related diseases such as Huntington disease 
(HD) (Beste et al., 2008a), no disease-
related modulation of the N2 and P3 
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components was found. On this account, it 
may be stated that conflict monitoring 
(Folstein and Van Petten, 2008), context-
updating (Polich, 2007) and stimulus-
response mapping (Twomey et al., 2015; 
Verleger et al., 2005) are less affected by 
RLS. This lack of effects was further 
substantiated by the bayesian analysis. 
Conflict monitoring is assumed to be a 
function of anterior cingulate cortex (ACC) 
(Botvinick et al., 2001) and decreased N2 
amplitudes observed in HD have been 
attributed to ACC dysfunction (Beste et al., 
2007). As known, striatum and frontal 
cortex are connected via different 
functional circuits. While the dorsal 
striatum is more strongly connected to the 
prefrontal cortex, the ventral striatum has 
stronger connections to the limbic cortex 
including ACC (Chudasama and Robbins, 
2006; Haber, 2016). But while HD patients 
suffer from a degeneration of the 
neostriatum, RLS patients show a different 
pattern where decreases in D2 receptors 
are mainly found in dorsal striatum rather 
than ventral striatum (Earley et al., 2013; 
Michaud et al., 2002; Turjanski et al., 
1999). This may explain why conflict 
monitoring is less affected by RLS. Taken 
together, it seems that not all dopamine-
regulated cognitive processes, such as later 
cognitive processes reflected by the N2 
and P3 (Nieoullon, 2002; Polich, 2007; 
Schultz, 1998), are altered by the disorder 
and show daytime-dependent impairments. 
Instead, daytime-related cognitive 
impairments were restricted to attentional 
selection processes. Consistent with 
previous studies (Beste et al., 2008a, 2010, 
Willemssen et al., 2009, 2011), participants 
performed worse in the incompatible 
condition as compared to the compatible 
condition, which was underlined by our 
neurophysiological data. High salience, 
low attentional readiness and demand of 
conflict monitoring in the incompatible 
condition may account for the larger P1, 
the smaller N1, and the larger N2 in the 
incompatible condition (Folstein and Van 
Petten, 2008; Hillyard and Anllo-Vento, 
1998; Knight, 1997). Inasmuch as an 
elevated P3 was normally observed in 
conditions with low frequency and with 
high demand on cognitive processing (Kok, 
2001), the larger P3 in the compatible 
condition appeared counterintuitive. An 
explanation of this could be the 
overlapping of N2 and P3 time intervals. 
Although different activations of N2 and 
P3 were observed at distinct electrodes in 
the topography, the results of the N2 and 
P3 should therefore be interpreted with 
caution. 
With respect to the medication, a few 
limitations should however be discussed. 
While the dopaminergic RLS medication 
was discontinued early enough to ensure 
that no patient was under direct effects of 
Study II: Neurophysiological mechanisms of circadian cognitive control in RLS patients – an EEG source 
localization study                                                                                                                                                                    17 
 
dopaminergic medication, patients who 
used opioids and antidepressants were 
encouraged to continue their medication 
for their own safety. Asking the patients to 
abstain from their medication for longer 
periods of time prior to their appointments 
would sure have been beneficial in case of 
retarded medication and dopamine agonists, 
but it would have drastically reduced the 
RLS patients’ compliance and would 
furthermore have caused sleep deficits 
which might also have affected behavioral 
performance. While non-parametric testing 
proved that there were no behavioral 
differences between the medication groups, 
the heterogeneity of the sample may still 
have contributed to the rather large 
observed variance. In this context, it also 
needs to be noted that general conclusions 
on medication-induced differences in RLS 
patients cannot be drawn from our data, 
because the subgroups were way too small 
/ underpowered to reliably generalize the 
lack of differences found in our study to 
the entire population of RLS patients. Also, 
there are studies which have shown that 
dopaminergic medication may delay 
simple reaction times in patients with 
Parkinson’s disease (Müller et al., 2000, 
2001, 2002). We however deem it very 
unlikely to have had similar effects in our 
sample as there was no general slowing of 
responses in the patient group (i.e. no main 
effect of group in the RT analyses). Yet, 
further studies in larger patient cohorts and 
especially in non-medicated RLS patients 
should be conducted to further elucidate 
the impact of the disease itself and the 
impact of the RLS medication on cognitive 
function in these patients. Another 
limitation of this study is that we measured 
sleep disturbance of RLS patients based on 
self-reports. Applying objective measures 
can provide more objective and detailed 
information about sleep duration and 
stability as well as quantification of 
arousals, which is increased in RLS (Allen 
et al., 2013; Winkelman et al., 2009) as 
well as periodic limb movements (PLMS), 
which occur in most RLS patients (Allen et 
al., 2005; Garcia-Borreguero, 2006). 
Moreover, it would be interesting the 
future studies to compare the cognitive 
performance between RLS patients with 
different phenotypes, pain symptoms or 
different comorbidities like obstructive 
sleep apnea (OSA). 
 
5. Conclusion 
To the best of our knowledge, this is the 
first study showing circadian cognitive 
impairments among RLS patients. The 
amplification of impairments in the 
evening seems to be restricted to 
attentional selection processes within the 
extra-striate visual cortex. In contrast, 
other dopamine-regulated cognitive 
processes such as conflict monitoring and 
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response selection did not show any 
circadian changes. This suggests that in 
RLS patients, daytime-related attentional 
deficits rely on the changed circadian 
dopaminergic rhythm and its close 
interaction to the cholinergic system as 
well as disturbed interregional 
communication.  
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Table 
 
RLS 
(n=33) 
Control 
(n=29) 
Group difference 
(P-value) 
Age 65.21 ± 1.78 64.41 ± 1.60  
First appointment 
(In the morning %) 
57.6% 62.1%  
Sex (Female %) 75.8% 75.9%  
RLS medication 
Levodopa, 
Pramipexol, 
Ropinirol, Rotigotin 
  
IRLS 
26.42 ± 1.24 
(severe RLS symptoms) 
  
Sleep duration (hour) 5.61 ± .25 7.03 ± .15 p < .001 
Sleep quality .00 ± .10 .67 ± .09 p < .001 
BDI 11.14 ± 1.43 4.13 ± .71 p < .001 
FSMC (total) 52.39 ± 3.02 31.93 ± 2.00 p < .001 
FSMC (cognitive) 26.31 ± 1.54 15.07 ± .96 p < .001 
FSMC (motoric) 26.09 ±1.65 16.86 ± 1.10 p < .001 
MEQ 60.44 ± 1.38 58.68 ± 2.25 p = .494 
Stroop word (msec) 14.90 ± .46 14.86 ± .49 p = .957 
Stroop color (msec) 20.84 ± .56 21.03 ± .60 p = .819 
Stroop conflict 
(msec) 
41.49 ± 2.24 37.10 ± 2.40 p = .186 
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Table 1 subject characteristics, neuropsychological scores for RLS patients and controls, and 
p-value for group comparision.  
IRLS: International RLS Rating Scale; BDI: Beck Depression Inventory; FSMC: Fatigue 
Scale for Motor and Cognitive functions; MEQ: Morningness-Eveningness Questionaire. 
Lower scores represent greater eveningness and higher scores represent greater morningness; 
VLMT: Verbal Learning and Memory retention Test 
  
d2-R 123.00 ± 5.33 141.01 ± 5.65 p = .024 
Benton 12.45 ± .25 12.56 ± .31 p = .797 
VLMT -reproduction 
(working memory) 
11.06 ± .35 12.01 ± .37 p = .067 
VLMT-reproduction 
(long-term memory) 
3.21 ± .32 3.15 ± .35 p = .903 
VLMT-
reorganization 
(long-term memory) 
12.46 ± .32 12.97 ± .35 p = .287 
VLMT-reproduction 
(vulnerability to 
interference) 
3.60 ± .35 3.23 ± .37 p = .472 
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Figures 
 
 
 
 
Figure 1 
Experimental paradigm. Each trial began with the presentation of two flanker stimuli both 
pointing either to the left or right. After 200 ms, the target-stimulus was then presented in the 
center for 300 ms and simultaneously switched off together with the flankers. Flankers and 
target pointed either in the same (compatible) or in the opposite (incompatible) direction. The 
subjects had to determine the direction of the target-stimulus (the central arrowhead) by 
pressing the left and right Ctrl-buttons. Compatible (75%) and incompatible stimuli (25%) 
were presented randomly. The response-stimulus interval was randomly varied between 900 
to 1300 ms. 
 
Study II: Neurophysiological mechanisms of circadian cognitive control in RLS patients – an EEG source 
localization study                                                                                                                                                                    30 
 
 
 
Figure 2 
The N1 ERP evoked by the incompatible condition at electrode P9. Time point zero denotes 
the onset of the flanker stimuli; the target stimulus was presented 200 ms later. The flanker-
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elicited N1 showed a daytime effect (evening > morning) in the healthy controls but not in the 
RLS patients. The target-elicited N1 showed a significant group difference (controls > RLS 
patients) in the evening but not in the morning. This daytime-related group difference was 
rooted in extra-striate-visual cortex (BA 18). Group difference curves calculated for morning 
and evening appointments are depicted below in dark (evening) and light (morning) green 
separately. As shown in the middle of the figure, the group difference (controls-RLS) was 
larger in the evening (dark green) than in the morning (light green). The time intervals used 
for quantification of the flanker- and target-elicited N1 are denoted in semi-transparent blue 
color. The mean values and standard errors of the target N1 at electrode P9 for all conditions 
are plotted in a bar chat. Significant comparison is pointed out with *. For a comprehensive 
figure of P1 and N1 ERPs evoked by the flanker and target stimuli at all electrodes 
P7/P8/P9/P10 (mean value) and in all conditions (incompatible vs compatible) please refer to 
the supplemental material Figure S1. 
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Figure 3 
The N2 ERP at electrode Cz (a). The N2 showed a significant daytime effect (morning > 
evening). Condition difference curves (incompatible-compatible) separately calculated for 
controls and RLS patients in the morning as well as in the evening appointments (b). The 
condition differences did not vary between groups or between daytimes. The observed 
condition differences in RLS patients were comparable to controls in the morning as well as 
in the evening. The time interval used for quantification of the target-related N2 is denoted in 
semi-transparent blue color.  
 
Study II: Neurophysiological mechanisms of circadian cognitive control in RLS patients – an EEG source 
localization study                                                                                                                                                                    33 
 
 
 
Figure 4 
The P3 ERP at electrodes PO1/PO2 (mean value) (a). The P3 revealed a significant condition 
effect (incompatible < compatible). Condition difference curves (incompatible-compatible) 
separately calculated for controls and RLS patients in the morning as well as in the evening 
appointments (b). The condition differences did not vary between groups or between daytimes. 
The observed condition differences in RLS patients were comparable to controls both in the 
morning and in the evening. The time interval used for quantification of the target-associated 
P3 is denoted in semi-transparent blue color. 
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Supporting information:  
 
 
 
 
 
The group-unrelated effects 
Behavioral data  
Errors  
The mixed effects ANOVA on errors (in percent) revealed a main effect of “condition” 
(F(1,57) =75.70; p < .001; η
2
 = .570) showing that more errors occurred in the incompatible 
condition (13.54% ± 1.41) than in the compatible condition (2.28% ± .28). An interaction of 
“daytime x first appointment x condition” (F(1,57) =8.15; p = .006; η
2
 = .125) was also found 
showing that the  interaction of “daytime x condition” was only found in participants who had 
their first appointment in the evening (F(1,24) =7.93; p = .010; η
2
 = .248), but not those, who 
had their morning appointment first (F(1,35) =1.99; p = .167; η
2
 = .054). Further analyses for 
the participants who had their evening appointment first revealed that they responded more 
accurately at their second appointment (morning: 10.92% ± 2.10) than their first appointment 
(evening: 14.63% ± 2.54) in the incompatible condition (t(24) = 3.21; p = .004) but not in the 
compatible condition (t(24) = 1.25; p = .224).  In short, the participants who had their evening 
appointment first showed a learning effect in the incompatible condition. 
 
RTs 
For the hit RTs, the repeated measures ANOVA revealed a main effect of “condition” (F(1,57) 
=282.60; p < .001; η
2
 = .832) showing that RTs were slower in the incompatible condition 
(483 ms ± 8) than in the compatible condition (408 ms ± 7). In addition, there was an 
interaction of “daytime x first appointment x condition” (F(1,57) =4.17; p = .046; η
2
 = .068). 
Post hoc tests revealed that the interaction of “daytime x condition” was not significant in 
participants who had their first appointment in the morning (F(1,35) =.00; p = .980; η
2
 = .000), 
but in participants who had their evening appointment first (F(1,24) =7.43; p = .012; η
2
 
= .236). Further analyses revealed that these participants responded faster in the morning 
(their second appointment) (477 ms ± 10) than in the evening (their first appointment) (496 
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ms ± 15) in the incompatible condition (t(24) =2.80; p = .010) but not in the compatible 
condition (t(24) =1.69; p = .104). In sum, the participants whose first appointment was in the 
evening showed learning effect in the incompatible condition at their second appointment. 
 
Neurophysiological data of the flanker task 
Early attentional processing 
For the flanker-evoked P1 amplitudes at electrodes P7/P8/P9/P10, the mixed effects ANOVA 
revealed a main effect of “electrode” (F(3,171) =11.58; p < .001; η
2
 = .169) showing that 
flanker P1 amplitudes were larger at electrodes P7/P8 (P7: 17.54 µV/m² ± 1.45; P8: 18.52 
µV/m² ± 1.62) than at electrodes P9/P10 (P9: 13.15 µV/m² ± 1.40; P10: 13.03 µV/m² ± 1.46) 
(all |t| >4.39, all p< .002). An interaction of “electrode x first appointment” (F(3,171) =3.28; p 
= .022; η
2
 = .054) showed that participants, who had their first appointment in the morning, 
had larger flanker-evoked P1 amplitudes at electrode P7 (P7: 19.85 µV/m² ± 1.89) compared 
to electrodes P9/P10 (P9: 14.50 µV/m² ± 1.72; P10: 11.42 µV/m² ± 1.62). The flanker-evoked 
P1 amplitude was larger at electrode P8 (P8: 18.00 µV/m² ± 2.03) was  than at electrode P10 
(11.42 µV/m² ± 1.62) (all |t|>5.35, all p< .002). For the participants whose first appointment 
was in the evening, the flanker P1 amplitude was larger at electrode P8 (18.68 µV/m² ± 2.37) 
than at electrode P9 (11.53 µV/m² ± 2.04) (t =7.15, p= .010).  
For the flanker-elicited N1 at electrodes P7/P8/P9/P10, a main effect of “electrode” (F(3,171) 
=25.61; p < .001; η
2
 = .310) showed larger amplitudes at electrodes P7 /P8 (P7: -42.67 µV/m² 
± 3.48; P8: -47.17 µV/m² ± 3.62) than at electrodes P9/P10 (P9: -29.48 µV/m² ± 2.99; P10: -
31.15 µV/m² ± 3.11) (all |t| >11.52, all p< .001). 
Analyzing the target-elicited P1 at electrodes P7/P8/P9/P10, a main effect of “daytime” 
(F(1,57) =7.07; p = .010; η
2
 = .110) showed larger target P1 amplitudes in the morning (13.79 
µV/m² ± 1.95) than in the evening (10.78 µV/m² ± 1.90). Another main effect of “condition” 
(F(1,57) =30.53; p < .001; η
2
 = .349) revealed larger target P1 amplitudes in the incompatible 
condition (13.40 µV/m² ± 1.84) than in the compatible condition (11.18 µV/m² ± 1.87). A 
main effect of “electrode” (F(3,171) =14.50; p < .001; η
2
 = .203) was found showing that 
target P1 amplitudes were larger at electrode P8 than at electrodes P9/P10 and larger at 
electrode P7 than at electrode P9 (P7: 14.97 µV/m² ± 2.46; P8: 18.67 µV/m² ± 2.22; P9: 6.29 
µV/m² ± 2.04; P10: 9.21 µV/m² ± 2.20) (all |t| >8.68, all p< .001).  
For the target-evoked N1 amplitudes at electrodes P7/P8/P9/P10, a main effect of “condition” 
(F(1,57) =10.81; p = .002; η
2
 = .159) showed larger target N1 amplitudes in the compatible (-
23.36 µV/m² ± 2.53) than in the incompatible condition (-21.99µV/m² ± 2.52). A main effect 
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of “electrode” (F(3,171) =13.28; p < .001; η
2
 = .189) showed larger target N1 amplitudes at 
electrode P9 than at all other three electrodes (all |t|>6.23, all p< .002). Also, amplitudes were 
smaller at electrode P8 than at electrode P10 (t=7.79, p= .001) (P7: -20.58 µV/m² ± 3.11; P8: -
16.10 µV/m² ± 2.82; P9: -30.12 µV/m² ± 2.69; P10: -23.89 µV/m² ± 2.89). There was 
furthermore an interaction of “condition x electrode x first appointment x daytime” (F(3,171) 
=2.90; p = .036; η
2
 = .048). Post hoc tests showed that the interaction “condition x electrode x 
first appointment” was only observed in the evening (F(3,180) =4.76; p = .003; η
2
 = .073), but 
not in the morning (F(3,180) =.46; p = .708; η
2
 = .008). Thereafter, the interaction of 
“condition x electrode” was separately analyzed for participants who had their first 
appointment in the morning and participants who had their first appointment in the evening. 
For participants who had their first appointment in the evening, the condition difference was 
found at electrode P8 (t(24) =-2.45; p = .022; compatible: -15.63 µV/m² ± 3.55; incompatible: 
-13.22 µV/m² ± 3.22) and P10 (t(24) =-3.07; p = .005; compatible: -22.64 µV/m² ± 3.99; 
incompatible: -18.99 µV/m² ± 3.65). For participants who had their morning appointment first, 
the condition difference was observed at electrode P7 (t(36) =-2.60; p = .013; compatible: -
23.54 µV/m² ± 4.48; incompatible: -21.19 µV/m² ± 4.61) and P9 (t(36) =-2.84; p = .007; 
compatible: -32.92 µV/m² ± 3.83; incompatible: -30.15 µV/m² ± 3.76). In short, for 
participants who had their evening appointment first, condition differences were observed in 
the right hemisphere in the evening. In contrast, for participants who had their morning 
appointment first, condition differences were observed in the left hemisphere in the evening. 
 
Conflict processing 
For N2 amplitudes at electrode Cz, a main effect of “daytime” (F(1,57) =4.37; p = .041; η
2
 
= .071) showed that the N2 amplitude was larger in the morning (-16.05µV/m² ± 2.15) than in 
the evening (-12.66µV/m² ± 2.43). Moreover, an interaction of “daytime x first appointment” 
(F(1,57) =4.50; p = .038; η
2
 = .073) revealed that the participants who had their first 
appointment in the morning had a larger N2 amplitude in the morning (at their first 
appointment)(-16.47µV/m² ± 2.91) as compared to the evening (-9.65µV/m² ± 2.30) (t(35) 
=3.33; p = .002) Participants, who had their first appointment in the evening did not show this 
effect (t(24) = .03; p = .974).  
 
Stimulus evaluation, response selection, and context updating 
Analyzing P3 amplitudes at electrodes PO1/PO2, a main effect of “condition” (F(1,57) =8.86; 
p = .004; η
2
 = .134) was found showing that the P3 amplitude was larger in the compatible 
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condition (18.87µV/m² ± 1.77) than incompatible condition (16.57µV/m² ± 1.79). An 
interaction effect of “daytime x first appointment” (F(1,57) =5.09; p = .028; η
2
 = .082) 
showed that the participants whose first appointment was in the morning had a larger flanker 
P3 at their second appointment (evening: 18.63µV/m² ± 1.96) than the first appointment 
(morning: 14.90µV/m² ± 2.09) (t(35) =2.27; p = .030). Participants who had their first 
appointment in the evening did not show this effect (t(24) =-1.21; p = .239).  
 
 
Figure S1 
Figure S1 depicts the P1 and N1 ERPs evoked by the flanker and target stimuli at electrodes 
P7/P8/P9/P10 (mean value). The flanker-elicited N1 showed a general/condition-independent 
daytime effect (evening > morning) in the healthy controls but not in the RLS patients. Both 
target P1 (incompatible > compatible) and target N1 (incompatible < compatible) revealed a 
significant condition effect. 
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Abstract 
 
Objective 
The restless legs syndrome (RLS) is characterized by sensory-motor symptoms which usually 
occur predominantly at rest in the evening and at night. It is assumed that this circadian 
rhythm is caused by low dopamine levels in the evening. Yet, it has never been investigated 
whether RLS patients show diurnal variations in cognitive functions modulated by dopamine 
and what neurophysiological and functional neuroanatomical processes underlie such 
modulations. 
Methods 
We used a Simon task combined with EEG and source localization to investigate whether top-
down response selection and/or automatic visuo-motor priming are subject to diurnal changes 
in RLS patients, as compared to matched healthy controls. 
Results 
We found that RLS patients showed better task performance due to reduced visuo-motor 
priming in the evening, as reflected by smaller early lateralized readiness potential (e-LRP) 
amplitudes and decreased activation of the superior parietal cortex and premotor cortex. Top-
down response selection and early attentional processing were unaffected by RLS.  
Conclusions 
Counterintuitively, RLS patients show enhanced task performance in the evening, i.e. when 
experiencing dopaminergic deficiency. Yet, this may be explained by deficits in visuo-motor 
priming that lead to reduced false response tendencies. 
Significance 
This study reveals a counterintuitive circadian variation of cognitive functions in RLS patients.  
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Highlights 
 RLS patients show a smaller Simon effect in the evening than the morning 
 This was due to decreased incorrect automatic response tendencies in the evenings 
 Patients had reduced e-LRPs and superior parietal/premotor cortex activation  
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1 Introduction 
The restless legs syndrome (RLS) is a 
sensory-motor disorder characterized by 
uncomfortable sensations, especially in the 
legs, combined with an urge to move. The 
symptoms are most pronounced at rest in 
the evening and at night (Allen et al., 
2014b; Allen, 2015). In spite of the 
circadian variation of those sensory and 
motor symptoms, diurnal changes of 
potentially associated cognitive functions 
as well as the underlying 
neurophysiological and neuroanatomical 
processes have not yet been investigated. 
While the etiology of the disorder is still 
unclear, it is well-known that RLS is 
strongly associated with a dopaminergic 
postsynaptic hypoactivity in the evening 
(Allen, 2015; Cervenka et al., 2006) as low 
doses of L-DOPA or dopamine agonists 
effectively reduce RLS symptoms at night 
(Allen et al., 2009; Cervenka et al., 2006; 
Clemens et al., 2006; Hening et al., 1999; 
Trenkwalder et al., 2005; Trenkwalder and 
Paulus, 2010).Furthermore, RLS patients 
seem to display more severe changes in the 
normal circadian variation of dopamine 
(high in the morning, low in the evening) 
than healthy controls (Earley et al., 2006; 
Garcia-Borreguero et al., 2004). Previous 
studies have demonstrated cognitive 
deficits of RLS patients in the domains of 
attention, verbal fluency, and executive 
functions (Fulda et al., 2011, 2010; Jung et 
al., 2011; Pearson et al., 2006), which are 
all thought to be modulated by dopamine-
dependent frontostriatal projections 
(Nieoullon, 2002; Seamans and Yang, 
2004; Stelzel et al., 2010). Yet, it has never 
been investigated whether such dopamine-
dependent cognitive processes underlie the 
same circadian rhythm as the sensory-
motor symptoms. Likewise, cognitive 
functions that are modulated by rostro-
caudal dopaminergic fibers, such as 
sensorimotor integration (Nieoullon, 2002; 
Stock et al., 2015), have not yet been 
investigated in RLS, even though they play 
a key role in automatic visuo-motor 
priming, i.e. the formation of automatic 
response tendencies (Falkenstein et al., 
2006; Praamstra and Plat, 2001) . 
Against this background, we used a Simon 
task to investigate potential changes in 
RLS patients. Importantly, this paradigm 
allows to investigate the interaction 
between perception and action / visuo-
motor priming while providing a very pure 
measure of response conflict (Chmielewski 
and Beste, 2017; Hommel, 2011; 
Mückschel et al., 2016). In short, this task 
requires lateralized responses to lateralized 
visual stimuli. In case the responding hand 
and the stimulus are located at opposing 
sides (“incompatible”), behavioral 
performance usually decreases (i.e. slower 
and less accurate responses), which is 
known as the Simon effect. It is commonly 
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thought to reflect an initial automated 
response tendency for the wrong 
hand/response, which has to be suppressed 
by a subsequent top-down process for the 
selection of the correct response in 
incompatible trials (dual-route account); 
(Hommel, 2011; Kornblum et al., 1990; 
Stürmer et al., 2000). Importantly, it has 
been shown that dopamine deficiency 
modulates the dorsal visuo-motor pathway 
(Falkenstein et al., 2006; Praamstra and 
Plat, 2001), which mediates automatic 
response activation, more strongly than the 
indirect/controlled ventral pathway, which 
suppresses the automatic response 
activation (Kim et al., 2015; Kornblum et 
al., 1990; Stürmer et al., 2000). As RLS 
patients are assumed to have pathologically 
low dopamine levels in the evening, they 
are likely to show larger deficits in the 
formation of automatic response 
tendencies/visuo-motor priming than in 
top-down response selection processes. 
This may paradoxically cause a better 
behavioral performance the evening as a 
decrease in incorrect automatic response 
tendencies reduces interference with the 
top-down selection of correct responses, 
thus promoting faster and/or less error-
prone responses (i.e. a smaller Simon 
effect). This hypothesis is further 
substantiated by studies which found that 
an increase in dopaminergic 
neurotransmission may actually increase 
the Simon effect (Fluchère et al., 2015; 
Onur et al., 2011; Wylie et al., 2012).  
As behavioral data alone does not allow us 
to determine which cognitive sub-
processes contribute to altered cognitive 
functioning in RLS, we applied EEG in 
combination with source localization 
methods (sLORETA). In the context of the 
Simon task, lateralized readiness potentials 
(LRP) are of special importance as they 
allow to partly distinguish the involved 
processes (Beste et al., 2010, 2008; 
Leuthold, 2011; Stürmer et al., 2013, 2000). 
Negative LRP peaks are thought to reflect 
the motor activation of the correct hand by 
top-down response selection processes 
(Leuthold, 2011). Incompatible conditions 
usually yield a positive deflection prior to 
the LRP. This so-called early LRP (e-LRP) 
is thought to reflect the initial automatic 
response tendency for the wrong hand that 
has been evoked by the task-irrelevant 
stimulus location via the direct route 
(Leuthold, 2011). Based thereon, we 
expect RLS patients to show smaller e-
LRP amplitudes in the evening (Masaki et 
al., 2004). Given that the indirect ventral 
pathway may be less affected by 
dopaminergic modulation, the subsequent 
LRP reflecting the top-down selection of 
the correct response, should be less 
affected in RLS patients. 
Due to a partial overlap of the e-LRP and 
LRP components,  it is however difficult to 
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separately examine two processes (Stürmer 
et al., 2013). To separate them, we applied 
Residue Iteration Decomposition (RIDE) 
to our data (Stürmer et al., 2013). RIDE 
separates event-related potentials (ERPs) 
into stimulus-related (S), intermediate (C) 
and response-related (R) component 
clusters on the basis of latency variability. 
Stürmer et al. (Stürmer et al., 2013) 
demonstrated that RIDE allocates the e-
LRP to the S cluster and the LRP to the R 
cluster so that both can be assessed in all 
experimental conditions. Based thereon, 
the S cluster component may be used to 
quantify response activation induced by 
visuo-motor priming via the direct route 
while the R cluster component may be 
used to quantify top-down response 
selection via the indirect route (see 
methods for more details). 
As it is also possible that differences in 
response activation observed in LRPs 
already during early attentional stimulus 
processing, which has also been suggested 
to be impaired in RLS patients (Fulda et al., 
2011, 2010; Jung et al., 2011; Pearson et 
al., 2006), we also quantified stimulus-
related lateralizations (ERLs) over 
posterior sites (Leuthold, 2011; Lubbe and 
Verleger, 2002; Praamstra and Plat, 2001; 
Wascher and Wauschkuhn, 1996). We 
quantified the N1, which is typically larger 
over the hemisphere contralateral to 
attended stimulus and has been suggested 
to represent the activity in the dorsal 
stream contributing to the spatial encoding 
(Mangun, 1995; Schneider et al., 2012a, 
2012b; Wascher and Beste, 2010). Another 
stimulus-related asymmetry, the N2pc, 
occurs parietally and later than N1 
asymmetries and is only observed when 
the attended stimulus has to be identified 
and evaluated (Eimer, 1996; Luck and 
Hillyard, 1994; Schneider et al., 2012a, 
2012b; Wascher and Beste, 2010; Wascher 
and Wolber, 2004; Wauschkuhn et al., 
1998). Based thereon, we assume that an 
enhanced attentional impairment in the 
evening reflected by reduced N1 and N2pc 
amplitudes may be observed in RLS 
patients.  
Taken together, we hypothesized that RLS 
patients show the most pronounced 
cognitive changes in the evening, when 
their dopamine levels are lowest. As 
dopamine deficiency might especially 
impinge on visuo-motor priming and 
thereby reduce the incorrect automatic 
response tendency in the Simon task, we 
hypothesized that RLS patients should 
(paradoxically) benefit from their 
pathology and show better performance 
(i.e. a smaller Simon effect) in the evening. 
This should be reflected by the e-LRP, 
which was quantified as an LRP-S 
component using RIDE signal 
decomposition. In contrast to this, the later 
response-selection based LRP components 
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(LRP-R) should be less affected. Besides, 
RLS patients may have enhanced 
attentional deficits in the evening, as 
reflected by reduced N1 and/or N2pc 
amplitudes. 
 
2 Methods 
2.1 Patients and controls 
N = 33 adult RLS patients with a stable 
medication treatment for at least 4 weeks 
were recruited from the outpatient clinic of 
the Department of Neurology of the 
University hospital, Technische Universität 
Dresden , Germany. All patients had a 
secured RLS diagnosis based on the 
International Restless Legs Syndrome 
Study Group (IRLSSG) diagnostic criteria 
(Allen et al., 2014b) and no other 
neurological diseases. For comparison, N = 
33 individually age- (± 3 years) and 
gender-matched healthy control 
participants, who were free of any 
neurological diseases, were recruited. 
Patients and controls were tested both in 
the morning (beginning between 8 and 9 
am) and in the evening (beginning between 
5 and 6pm). To make sure the individual 
performance variation between two 
appointments is not affected by disease 
progression, the time between the two 
appointments at most one week. Four 
controls had to be excluded due to data 
quality problems. Six patients and six 
controls had to be excluded due to poor 
behavioral performance (see EEG task for 
details on exclusion criteria). Hence, the 
data of 27 patients (age: 64.81 ± 1.97, 20 
female, 11 of these patients had their first 
appointment in the evening) and 23 
controls (age: 63.26 ± 1.83, 18 female, 10 
of these controls had their first 
appointment in the evening) were analyzed. 
With regard to regular medical treatment, 
n=19 or 70.4 % of them were under 
dopaminergic treatment with Levodopa or 
dopamine agonists. n=9 of these 19 
patients took prolonged release medication. 
The halftime of retard products (such as 
rotigotin patches) used by the patients of 
our sample varied between 3 and 12 hours 
and is thus substantially longer that of 
regular non-retarded levodopa products 
(mostly between 1 and 3 hours). All 
patients with dopaminergic treatment were 
asked to abstain from dopaminergic 
medication at least 24 h but not more than 
3 days prior to each appointment to 
minimize effects of the medication. 
Patients using prolonged release 
medication (which is usually prescribed in 
combination with short-acting levodopa) 
were asked to discontinue their prolonged 
release medication 3 days before the 
appointments and to discontinue the short-
acting levodopa 24 hours prior to their 
appointments. Patients who took opioids or 
antidepressants (n=8 or 29.6 %) were 
asked not to discontinue this medication 
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during the study due to safety reasons. 
RLS patients that reported ever having 
experienced RLS symptoms before noon, 
or reported RLS symptoms during the 
morning appointment indicating treatment-
related augmentation were excluded from 
the study. Furthermore, all study 
participants were asked to refrain from 
using caffeine or any other stimulants on 
the day of their appointments. Handedness 
was assessed using the Edinburgh 
Handedness Inventory (Oldfield, 1971) 
(EHI score: .78 ± .41, range from -.82 to 
1.00). A written informed consent form 
was signed by each participant before the 
experiment and all participants received a 
reimbursement of 60 € for taking part in 
the study. The study was approved by the 
institutional review board of the Medical 
faculty of the TU Dresden in Germany (EK 
27012014). All procedures performed in 
studies involving human participants were 
in accordance with the ethical standards of 
the institutional and/or national research 
committee and with the 1964 Helsinki 
declaration and its later amendments or 
comparable ethical standards. 
 
2.2 Questionnaires and 
Neuropsychological assessment on the 
days of testing 
As RLS severity, depressive symptoms, 
fatigue, individual chronotype, sleep 
duration and quality could have influenced 
the behavioral performance investigated in 
this study, they were assessed by different 
questionnaires. Participants were asked to 
complete the questionnaires on their first 
appointment, i.e. after the discontinuation 
of their medication. The International RLS 
Study Group RLS Rating Scale (IRLS) 
was used to measure the severity of RLS 
symptoms (Walters et al., 2003) in patients, 
who were required to report the severity of 
their RLS symptoms without treatment to 
obtain an estimate of symptom severity 
during the evening appointment (none of 
the patients reported to have any RLS 
symptoms in the morning / before 
afternoon). All participants were required 
to complete the Beck Depression Inventory 
(BDI) (Beck et al., 1961) and the fatigue 
scale for motor and cognitive functions 
(FSMC) (Penner et al., 2009). A self-
assessment Morningness-Eveningness 
questionnaire (D-MEQ) was used to 
evaluate inter-individual differences in 
circadian rhythms (Horne and Ostberg, 
1976). In addition, sleep duration of the 
previous night and sleep quality prior to 
each appointment were rated by each 
participant at the beginning of each test 
appointment. Sleep quality was rated by 
means of a three-level Likert item (“poor”, 
“moderate”, “good” with a distributed 
value of -1, 0, and 1, respectively). To 
obtain a comprehensive cognitive 
assessment of the patients, the following 
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neuropsychological tests were conducted at 
each test appointment: Verbal learning and 
memory retention test (VLMT) involving 
immediate retention and long-term verbal 
memory (Helmstaedter et al., 2001), test 
d2-Revision (Brickenkamp et al., 2010) 
assessing selective and sustained attention, 
the stroop color and word test determining 
the individual’s inhibition and cognitive 
flexibility (Jensen and Rohwer Jr., 1966), 
and the Benton visual retention test 
assessing visual perception and visual 
memory (Benton, 1945). To minimize the 
potential effect of sensorimotor RLS 
symptoms on cognitive performance, all 
study participants were offered to take a 
break and / or mode between each test and 
questionnaire. 
 
2.3 Experimental paradigm 
A modified Simon task (Dharmadhikari et 
al., 2015; Stock et al., 2013) was used in 
this study. For stimulus presentation and 
response recording, Presentation (version 
14.9. by Neurobehavioral Systems, Inc.) 
was used. During the entire experiment, a 
fixation cross and two lateral frame boxes 
(1.1 degrees visual angle left and right of 
the fixation cross) were presented in the 
center of the screen. Each trial began with 
the simultaneous presentation of the target 
(capital letter A or B) and a noise stimulus 
(three horizontal bars) in opposing boxes 
for 200 ms (see Figure 1). The first button 
press after the target onset ended the trial. 
As delayed responses may affect the 
Simon effect, a speed-up sign was 
presented in case participants failed to 
respond within 500 ms. If no response was 
given, the trial automatically ended after 
1700 ms and was coded as “miss”. The 
response-stimulus intervals (RSI) 
randomly varied between 2000 and 2500 
ms. The experiment consisted of four 
blocks with 120 pseudo-randomized trials 
each. In each block, the four possible 
combinations of target stimulus and 
position occurred equally often. The 
participants were instructed to respond 
with the left index finger whenever the 
letter “A” was presented and respond with 
their right index finger whenever the letter 
“B” was presented. Left and right “Ctrl” 
keys on a regular computer keyboard were 
used as response buttons. To vary 
proprioceptive information, the hand 
position varied across blocks, with parallel 
hand in uneven blocks (blocks 1 and 3) and 
crossed arms (with the left arm being on 
the top of the right arm) in even blocks 
(blocks 2 and 4). Trials in which the target 
stimulus and the correct response button 
were located on the same side were 
classified as compatible, while trials in 
which the target stimulus and the correct 
response button were located on opposite 
sides were classified as incompatible. On 
top of this, the different hand positions 
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allow to assess the role of proprioception, 
which may potentially bias the Simon 
effect (Stock et al., 2015, 2013) 
Participants, who had extremely low 
accuracy (less than 100 hits) or responded 
too slowly (RTs longer than 600 ms with 
parallel hands or longer than 700 ms with 
crossed hands) were excluded from the 
analyses. To minimize the potential effect 
of sensorimotor RLS symptoms on 
cognitive performance, all study 
participants were offered to take a break 
and / or mode after each experimental 
block. 
 
--------------------------------- 
Insert Figure 1 about here 
---------------------------------- 
 
2.4 EEG recording and data preparation 
for Residue Iteration Decomposition 
(RIDE) 
We used a standard preprocessing 
approach as already described in many 
other papers of our work group (e.g. 
(Zhang et al., 2016): The EEG was 
recorded from 60 Ag–AgCl electrodes at 
equidistant positions with a sampling rate 
of 500 Hz using a standard 72-channel 
Quickamp amplifier and the BrainVision 
Recorder by Brain Products. The reference 
electrode was located at Fpz and the 
ground electrode was located at θ = 58, ф = 
78. Electrode impedances were kept below 
5 kΩ. The recorded data were down-
sampled off-line to 256 Hz and a band-pass 
filter from 0.5 to 20 Hz with a slope of 48 
db/oct each was applied. A manual raw 
data inspection was implemented to 
remove technical artifacts and irregularly 
occurring artifacts such as facial 
movements, while periodically occurring 
artifacts such as pulse artifacts or eye 
movements were subsequently detected 
and corrected using an independent 
component analysis (ICA; infomax 
algorithm). Afterwards, single-trial 
segments of trials with correct responses 
were separately formed for all conditions. 
Of note, trials with incorrect or slow 
responses (RT > 1500 ms) were not 
included in the EEG analyses. Segments 
started 200 ms prior to the stimulus onset 
and ended 1200 ms thereafter. Next, an 
automated artifact rejection procedure was 
applied to remove all segments with 
amplitudes below −100 μV or above 100 
μV, or value differences of more than 200 
μV in a 200 ms interval, or value 
differences of less than .5 μV in a 100 ms 
interval. After that, a current source 
density (CSD) transformation was applied 
to eliminate the reference potential from 
the data (Perrin et al., 1989) and a baseline 
correction was set to a time interval from -
200 ms to 0 ms (stimulus onset). RIDE was 
then independently and separately applied 
to all single-trial EEG epochs of each 
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participants and condition including all 60 
electrodes (refer to section RIDE). Due to 
this single-subject and single-electrode 
approach, RIDE decomposition does not 
affect or alter the spatial properties of the 
CSD data.  
 
2.5 Residue Iteration Decomposition 
(RIDE) 
RIDE is a new tool developed to separate 
ERP components on the basis of latency 
variability in single trials and has proved to 
be useful for data sets showing different 
variability and temporal overlapping 
between ERP components (Ouyang et al., 
2011). According to the assumption of 
RIDE, there are three clusters of 
components: stimulus-related (S), 
intermediate (C) and response-related (R) 
processes. These three component clusters 
are linearly superimposed in each single 
EEG trial, whereas their latencies vary 
independently. Averaging over a large 
number of trials could therefore smear the 
effects of each individual ERP component 
(Ouyang et al., 2015a). To solve this 
problem, RIDE decomposes the ERPs into 
S and R component clusters based on the 
stimulus onset and response time, 
respectively. In contrast to this, the 
latencies of the C component cluster are 
estimated in an iterative manner (Ouyang 
et al., 2011). The RIDE algorithm uses a 
time window function to extract the 
waveform of each RIDE component 
(Ouyang et al., 2015a). Each time window 
is assumed to cover the range in which the 
corresponding components are present. For 
the current study, the applied time window 
was from -200 to 400 ms for the S-cluster, 
from 200-800 ms for the C-cluster and 300 
ms around the response (-300 to 300ms) 
for the R-cluster. Each RIDE component in 
every single trial was then synchronized to 
its median latency and averaged for each 
condition (Ouyang et al., 2015b). The 
RIDE toolbox (available on 
http://cns.hkbu.edu.hk/RIDE.htm) was 
employed to conduct RIDE analysis using 
MATLAB (MATLAB 12.0; Mathworks 
Inc.). For full details of RIDE method 
please refer to Ouyang et al. (2011, 2015a, 
2015b) 
 
2.6 Response-related lateralization: LRPs 
To separate the e-LRP from the LRP, 
Residue Iteration Decomposition (RIDE) 
was applied to LRP in this study (Stürmer 
et al., 2013). As for standard LRPs, the 
same calculation approach was applied 
separately for each component cluster (S, 
C, and R-Cluster) extracted by RIDE: 
ERPs ipsilateral to the response hand were 
subtracted from ERPs contralateral to the 
response hand. The difference waves were 
then averaged across hands: [(C4-C3)left 
hand + (C3-C4)right hand ]/2. Based on the 
inspection of grand average, LRP for the S, 
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C and R component cluster (LRP-S; LRP-
C; LRP-R) were quantified by extracting 
the mean amplitude of brief time intervals 
centered around the respective peaks for 
electrode pair C3/C4, which showed the 
largest LRPs (following time windows 
were applied for quantification: LRP-S: 
220 - 240 ms for all conditions; LRP-C: 
320 - 340 ms for parallel hands / 
compatible condition,  290 - 310 ms for 
parallel hands / incompatible condition, 
375 - 405 ms crossed hands / both 
conditions; LRP-R: 340 - 375 ms for both 
hand positions / compatible condition, 390 
- 430 ms for paralle hands / incompatible 
condition, 450 - 475 ms crossed hands / 
incompatible condition). 
 
2.7 Stimulus-related lateralization: ERLs 
Other than LRPs, ERLs were calculated in 
terms of the relevant stimulus (not 
response) for S component cluster: ERPs 
ipsilateral to the target stimulus were 
subtracted from ERPs contralateral to the 
target stimulus. The difference waves were 
then averaged across target positions: [(P8-
P7)target on the left + (P7-P8)target on the right ]/2 
and quantified for electrode pair P7/P8, 
which showed the largest ERLs. Two 
stimulus-related asymmetries were 
quantified: The lateralization of the N1was 
quantified from 150 to 160 ms, while the 
subsequent asymmetry (N2PC) was 
quantified from 240 to 260 ms for all 
conditions. 
 
2.8 Source localization methods 
(sLORETA) 
Similar to the approach taken in previous 
EEG studies (Zhang et al., 2016), we used 
sLORETA (standardized low resolution 
brain electromagnetic tomography) 
(Pascual-Marqui, 2002) on the CSD-
transformed averages in order to identify 
neuronal sources / functional 
neuroanatomical structures that are 
(differentially) modulated by daytime 
effects in RLS patients. Of note, 
sLORETA is a highly valid approach as 
the sources estimated with this method 
have repeatedly been shown to strongly 
converge with fMRI data and data from 
neuronavigated EEG/TMS studies (Dippel 
and Beste, 2015; Sekihara et al., 2005). In 
general, sLORETA provides a single linear 
solution to the inverse problem based on 
extra-cranial measurements and does not 
induce a a localization bias (Pascual-
Marqui, 2002; Sekihara et al., 2005). For 
sLORETA, he standardized current density 
at each of 6239 intracerebral voxels (with a 
spatial resolution of 5 mm) is calculated in 
a realistic head model (Fuchs et al., 2002) 
using the MNI152 template (Mazziotta et 
al., 2001). In this study, the voxel-based 
sLORETA images were compared between 
different daytimes for RLS patients using 
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the sLORETA-built-in voxel-wise 
randomization tests with 2000 
permutations, based on statistical 
nonparametric mapping (SnPM). Voxels 
which yielded significant differences (p 
< .01, corrected for multiple comparisons) 
between the contrasted conditions were 
located in the MNI-brain. 
 
2.9 Statistical analysis 
Independent t-tests were used to compare 
psychometric scores of patients and 
controls (BDI, MEQ, FSMC, sleep 
duration and quality). Data assessed by the 
neuropsychological battery and behavioral 
as well as neurophysiological data of the 
Simon Task were analyzed using mixed 
effects ANOVAs comprising the within-
subject factors daytime (morning vs. 
evening), compatibility (compatible vs. 
incompatible – wherever applicable) and 
hand position (parallel vs crossed – 
wherever applicable). Group (patients vs. 
controls) and first appointment 
(participants whose first appointment was 
in the morning vs. in the evening) were 
used as between-subjects factors. Separate 
ANOVAs were calculated for each 
behavioral and neurophysiological measure. 
Greenhouse–Geisser correction was 
applied whenever necessary. Values are 
provided as means ± SEMs. Post-hoc tests 
were Bonferroni-corrected, whenever 
necessary.  
 
3 Results 
By comparing the obtained behavioral and 
neurophysiological data between RLS 
patients and healthy controls, we aimed to 
investigate RLS-associated changes of 
cognitive processes and their underlying 
neurophysiological mechanisms. Given 
that our hypotheses are based on group 
differences, we chose to report all 
significant effects, which did not include 
the group factor (i.e. group-unrelated 
effects), in the supplementary information 
(see supplementary information) so that the 
focus of the main manuscript could be 
preserved.  
 
3.1 Questionnaires and 
neuropsychological assessment 
Information about the clinical 
characteristics of the patients as well as the 
neuropsychological data of all subjects are 
shown in Table 1. We also assessed 
chronic disorders: High-blood pressure, 
diabetes and asthma were three most 
frequently reported disorders. Yet, no 
differences were found between healthy 
controls and RLS patients. 
 
-------------------------------- 
Insert Table 1 about here 
--------------------------------- 
 
3.2 Behavioral data  
Study III: RLS patients show better nocturnal performance in the Simon task due to diminished visuo-motor 
priming                                                                                                                                                                    14 
 
Concerning the accuracy (number of 
correct responses / hits), no group-related 
effects were found (all F <2.31; all 
p > .135). 
For the RTs, the mixed effects ANOVA 
revealed an interaction effect of “daytime x 
compatibility x group” (F(1,46) =5.98; p 
= .018; η
2
 = .115). A post hoc power 
analysis showed that the power was 
sufficiently large (99%) to detect this 
effect. Post hoc t-tests showed that in case 
of incompatible trials, RLS patients 
responded faster in the evening (541 ms ± 
11) than in the morning (558 ms ± 10) 
(t(26) =2.12; p = .043). Such a difference 
could neither be found for the compatible 
condition, nor for any of the conditions in 
the control group (Control: compatible t(22) 
=1.60; p = .123; incompatible trials t(22) 
=.20; p = .845; RLS: compatible t(26) 
=1.95; p = .062) . No other group-related 
effects were significant (all F <3.49; all 
p > .068). To rule out that the group-
related effect / interaction was based on, or 
confounded by fatigue, severe depressive 
symptoms, decreased sleep duration or 
sleep quality observed in the RLS patients 
(see Table 1), an analysis of covariance 
was conducted. When controlling for 
fatigue, depressive symptoms, sleep 
duration and quality, there was still a 
significant interaction effect of “daytime x 
compatibility x group” (F(1,39) =4.31; p 
= .044; η
2
 = .100). Moreover, no 
significant correlation between RTs and 
IRLS scores were found in RLS patients 
(r= .32, p = .110), which precludes that the 
performance of RLS patients was affected 
by their motor restriction. 
Given that the RLS patients were receiving 
different types of medical treatment, which 
might have affected their behavioral 
performance, we furthermore conducted 
Kruskal-Wallis tests to check whether 
there were any differences in accuracy or 
RTs between different treatment types. 
Contrasting patients who took L-Dopa 
(n=5), dopamine agonists (n=7), multiple 
pharmacological treatments for RLS (n=7), 
and no pharmacological treatment (n=8), 
we found no significant differences in any 
of the tested behavioral measures (all p 
≥ .08). This substantiates that the 
discontinuation of dopaminergic drugs 
prior to study participation had prevented 
the emergence of differences between the 
treatment groups (especially between those 
patients who received dopaminergic 
treatment and those who did not). 
In summary, we found that only RLS 
patients showed faster responses to conflict 
trials in the evening than in the morning.  
 
3.3 LRP for the component cluster S (LRP-
S) 
The LRP-S at electrode pair C3/C4 is 
shown in Figure 2. 
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-------------------------------- 
Insert Figure 2 about here 
-------------------------------- 
 
The mixed effects ANOVA revealed an 
important interaction effect of “daytime x 
compatibility x group” (F(1,45) =5.33; p 
= .026; η
2
 = .106). Post hoc t-tests showed 
that RLS patients had a less positive LRP-
S in the evening (3.17 µV/m² ± .67) than in 
the morning (4.64 µV/m² ± .92) in the 
incompatible condition (t(25) =-1.81; p 
= .041), but not in the compatible condition 
(t(25) =1.49; p = .075). A subsequent 
sLORETA analysis revealed that this effect 
depended on activity differences in the 
superior parietal cortex and premotor 
cortex, where activation in the 
incompatible condition was smaller in the 
evening than in the morning for RLS 
patients. This daytime variation was not 
found in healthy controls (incompatible: 
t(22) =-.43; p = .334; compatible: t(22) =-
1.12; p = .136). No other group-related 
effects were significant (all F <1.72; all 
p > .197). 
 
3.4 LRP for the component cluster C (LRP-
C) 
The LRP-C at electrode pair C3/C4 is 
shown in Figure 3. 
 
-------------------------------- 
Insert Figure 3 about here 
-------------------------------- 
 
The mixed effects ANOVA revealed an 
interaction effect of “hand position x 
compatibility x group” (F(1,45) =4.91; p 
= .032; η
2
 = .098). Post hoc t-test showed 
that RLS patients had a larger condition 
difference (incompatible-compatible) (t(25) 
=1.92; p = .033) when hands were parallel 
(15.93 µV/m² ± 2.91) than when hands 
were crossed (12.38 µV/m² ± 3.07). This 
effect could not be found in the healthy 
controls (t(22) =-1.31; p = .103). No other 
group-related effects were found (all F 
<2.95; all p > .093). 
 
3.5 LRP for the component cluster R (LRP-
R) 
The LRP-R at electrode pair C3/C4 is 
shown in Figure 4. 
 
-------------------------------- 
Insert Figure 4 about here 
-------------------------------- 
 
The mixed effects ANOVA revealed an 
interaction effect of “compatibility x hand 
position x group” (F(1,45) =5.69; p = .021; 
η
2
 = .112). Post hoc t-test showed that RLS 
patients had a larger condition difference 
(incompatible-compatible) (t(25) =-2.45; p 
= .022) with parallel hands (-8.76 µV/m² ± 
2.19) than with crossed hands (-4.94 
µV/m² ± 1.75). Such differences were not 
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found in healthy controls (t(22) = .91; p 
= .370). No other group-related effects 
were significant (all F <3.59; all p > .065). 
 
3.6 Lateralization of N1 (Early posterior 
ERL) 
The lateralization of N1 at electrode pair 
P7/P8 is shown in Figure 5. No group-
related effects were significant (all F <2.04; 
all p > .161).  
 
-------------------------------- 
Insert Figure 5 about here 
-------------------------------- 
 
3.7 N2PC (Late posterior ERL) 
The N2PC at electrode pair P7/P8 is shown 
in Figure 5. No group-related effects were 
found (all F <2.83; all p > .100).  
 
4 Discussion 
Given that changes in dopamine levels and 
receptor density likely contribute to the 
circadian rhythms of sensory-motor 
symptoms in RLS (Allen, 2015; Cervenka 
et al., 2006), we investigated whether and 
how dopamine-modulated cognitive 
processes vary in these patients. For this 
purpose, we asked RLS patients and 
healthy controls to perform a Simon task 
twice (once in the morning and once in the 
evening) while recording 
neurophysiological data. We chose this 
paradigm because it allows to investigate 
top-down response selection / conflict as 
well as the generation of automatic 
response tendencies by visuo-motor 
priming (Chmielewski and Beste, 2017; 
Hommel, 2011; Mückschel et al., 2016), 
which are both known to be modulated by 
dopamine (Cervenka et al., 2006). 
Based on the facts that increases in 
dopamine worsen behavioral performance 
(i.e. increase the Simon effect) (Fluchère et 
al., 2015; Onur et al., 2011; Wylie et al., 
2012) and RLS symptoms seem to be 
caused by nocturnal dopaminergic 
hypoactivity (Allen, 2015; Cervenka et al., 
2006), we had hypothesized that RLS 
patients should (paradoxically) benefit 
from their pathology and show better 
performance (i.e. a smaller Simon effect) 
in the evening. As hypothesized, we found 
a daytime effect on behavioral 
performance in the RLS group, but not in 
the healthy control group. In case of 
incompatible trials, only RLS patients 
responded faster in the evening than in the 
morning. This is a quite paradox finding 
since most studies report either no 
significant effects or deficits in attention or 
executive functioning in RLS (Galbiati et 
al., 2015). Still, this finding matches 
studies which have demonstrated that an 
increase in dopaminergic 
neurotransmission may actually increase 
the Simon effect, i.e. worsen behavioral 
measures in incompatible conditions due to 
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an increased conflict between incorrect 
automated response tendencies and the top-
down selection of the correct response 
(Fluchère et al., 2015; Onur et al., 2011; 
Wylie et al., 2012). As RLS seems to be 
related to nocturnal dopaminergic 
hypoactivity (Cervenka et al., 2006), it can 
be rather safely concluded that RLS 
patients experience a smaller response 
conflict in the evening (Hommel, 2011). 
According to the dual-route account 
(Kornblum et al., 1990; Stürmer et al., 
2000) the Simon effect (reduced behavioral 
performance in the incompatible condition) 
relies on the interplay of two separate 
cognitive processes, namely automated 
response tendencies evoked by the task-
irrelevant stimulus location and the top-
down selection of the correct response 
based on non-spatial stimulus features. In 
incompatible trials, target stimulus and 
responding hand are located on two 
opposing sides so that the stimulus location 
evokes an automatic response tendency for 
the wrong hand which must be suppressed 
as it causes a conflict with the top-down 
selection of the correct response.  
As the question, which of these two 
processes is altered in RLS patients cannot 
be answered on the basis of behavioral data 
alone, we further analyzed RIDE-
decomposed LRPs, which are a convenient 
tool for separating the involved processes 
so that they can be individually quantified 
(Leuthold, 2011; Stürmer et al., 2013). As 
mentioned in the introduction, the initial 
automatic response tendency can be 
analyzed and quantified using the LRP in 
the S cluster while top-down response 
selection processes are reflected by the 
LRP in the R cluster. In the incompatible 
condition, RLS patients had less positive 
LRP-S amplitudes in the evening than in 
the morning, which nicely matches the 
behavioral data. As the positive polarity of 
the LRP-S/e-LRP in the incompatible 
condition indicates the automatic 
activation of an incorrect response 
tendency via the direct route (Böckler et al., 
2010; Leuthold, 2011), this finding 
suggests that RLS patients have a reduced 
incorrect automated response activation in 
the evening. Supporting this, the daytime-
related difference in RLS patients was 
found to arise from smaller activation 
within the premotor cortex (BA6 and BA8) 
and the superior parietal cortex (BA7) of 
the non-executive hemisphere (i.e. the 
hemisphere not responsible for the 
execution of the correct manual motor 
response). These brain areas have been 
suggested to be involved in sensory 
guidance of movements, the integration of 
spatial information for this purpose (Cisek 
and Kalaska, 2005; Graziano et al., 1994) 
and visuo-motor integration (Gottlieb, 
2007; Moores et al., 2003). Based thereon, 
the reduced activity likely reflects the 
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deficits in visuo-motor priming which 
resulted in less pronounced automated 
response tendencies for the wrong response 
(which would be allocated in / carried out 
by the hemisphere ipsilateral to the correct 
response hand). However, this impairment 
in visuo-motor priming results in better 
behavioral performance (i.e. a smaller 
Simon effect) for RLS patients as deficits 
in automated response tendencies diminish 
the response conflict with the top-down 
selection of the correct response. 
Furthermore, it is quite unlikely that 
sensorimotor RLS symptoms, sleep 
duration or quality mediated the impaired 
visuo-motor priming at night as task 
performance was not related to those 
factors (even though it needs to be 
mentioned that we did not assess 
subjective sleepiness). For the same reason, 
it can rather safely be assumed that none of 
the hormonal or neurotransmitter changes, 
which may be caused by sleep deprivation 
(e.g. Boonstra et al., 2007), had a 
significant effect on the behavioral 
findings. As no daytime-dependent 
variation was found in LRP-R, we can 
rather safely exclude the possibility that 
the behavioral differences were based on 
the controlled route which mainly drives 
top-down response selection and inhibits 
automatic response tendencies. Lastly, 
RLS patients also showed larger 
compatibility effects / differences in the 
LRP-C and LRP-R when hands were 
parallel, as compared to crossed hands. As 
this difference was not reflected in the 
behavioral data, it may have been an 
epiphenomenon. Still, it matches previous 
findings in a cohort of PD patients 
performing the same task, where is became 
apparent that the dopamine-deficient PD 
patients processed the unusual 
proprioceptive information of crossed 
hands differently from healthy controls 
(Dharmadhikari et al., 2015).  
Opposing to our initial prediction, we 
however found no group-related 
effects/interactions on early attentional 
processing, as reflected by the ERLs of the 
N1 and N2PC. It has been suggested that 
N1 is related to the encoding of spatial 
information (Mangun, 1995; Schneider et 
al., 2012a, 2012b; Wascher and Beste, 
2010), while the N2PC emerges after N1 
asymmetries and occurs only when an 
attended stimulus needs to be identified 
and evaluated (Eimer, 1996; Luck and 
Hillyard, 1994; Schneider et al., 2012a, 
2012b; Wascher and Beste, 2010; Wascher 
and Wolber, 2004; Wauschkuhn et al., 
1998). As task-irrelevant spatial attributes 
are assumed to be available before the 
activation of task-relevant attributes 
(Finkbeiner and Heathcote, 2016), the 
lateralization of N1 and N2PC  may indicate 
the attentional processing on spatial 
information and task-relevant attributes, 
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respectively. Contrary to the findings of 
Jung et al. (Jung et al., 2011), attentional 
processes however seemed to remain 
unaffected by RLS in the current study. 
Yet, Jung et al (Jung et al., 2011) had used 
an oddball paradigm, in which attentional 
control probably played a bigger role than 
in our Simon paradigm. One explanation 
for our finding could be that the 
dopaminergic modulation on attention 
mainly concerns attentional selection and 
attentional control (Nieoullon, 2002) 
instead of attentional processing free of 
interferences as in the case of this study. 
Given that the etiology and pathology of 
RLS are only partly understood, it can of 
course not be entirely excluded that other 
factors, such as changes in GABA or 
glutamate levels (Allen et al., 2014a; 
Jordan and Murray, 2014) could also 
contribute to changes in RLS. Yet, it needs 
to be noted that these transmitter systems 
as well as he often-reported low ferritin 
levels of RLS patients to directly or 
indirectly influence dopaminergic 
signaling (Bar-Gad et al., 2003; Jellen et 
al., 2013; Trenkwalder and Paulus, 2010). 
Still, it would of course be interesting to 
further investigate those factors in future 
studies.  
A few limitations should however also be 
discussed. Although no behavioral 
differences between medication treatments 
were found, the heterogeneity within the 
patient group may still have contributed to 
the large variance. As mentioned before, 
dopaminergic medication has been shown 
to increase impulsivity and SR conflicts as 
assessed with the Simon task in 
Parkinson’s Disease (PD) (Fluchère et al., 
2015; Wylie et al., 2012). As RLS and PD 
seem to share at least some common 
pathological features (Wylie et al., 2012), 
we would have expected larger SR 
conflicts in the evening than in the 
morning if the patients’ dopaminergic 
medication had interfered with our data. As 
this is the exact opposite of what we found, 
we however feel safe to exclude this 
possibility. Still, further studies in larger 
patient cohorts and especially in non-
medicated RLS patients should be 
conducted to further elucidate the impact 
of the disease itself and the impact of the 
RLS medication on cognitive function in 
these patients (probably also by comparing 
on vs. off medication in patients and 
controls to further establish causality). 
Another limitation is that the order of 
appointments in this study was not fully 
balanced. However, the relevant daytime 
effect that we found was not confounded 
with the order of appointment. Based 
thereon, we conclude that the observed 
daytime effect was not based on learning 
effects.  
 
5 Conclusion 
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To the best of our knowledge, this is the 
first study to show that RLS patients 
display circadian variations in cognitive 
functions which, like their sensory-motor 
symptoms, are modulated by dopamine. 
Using a Simon task, we were able to show 
that RLS patients display improved 
behavioral performance / a smaller Simon 
effect in the evening, when their 
dopaminergic deficit is most pronounced. 
While this may seem counterintuitive, it 
can be explained by the finding that the 
dopaminergic hypoactivity reduced the 
formation of incorrect automatic response 
tendencies in the superior parietal cortex 
and premotor cortex so that the response 
selection conflict, which is thought to 
underlie the Simon effect, was less 
pronounced. Furthermore, this effect was 
rather specific as top-down controlled 
response selection and early attentional 
processing seemed to be unaffected by 
RLS. 
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Table 
Table 1: Subject characteristics, neuropsychological scores for RLS patients and controls, and 
p-value for group comparision. 
 
RLS 
(n=27) 
Control 
(n=23) 
Group difference 
( p value) 
Age 64.81 ± 1.97 63.26 ± 1.83 p = .571 
First appointment 
(In the evening %) 
40.7% 43.5%  
Sex (Female %) 74.1% 78.3%  
IRLS 
25.26 ± 1.32 
(severe RLS symptoms) 
  
Previous night sleep 
duration (hours) 
5.65 ± .25 7.16 ± .17 p < .001 
Sleep quality .04 ± .12 .70 ± .09 p < .001 
Cigarettes pro day 1.30 ± .66 2.70 ± 1.02 p = .246 
Alcohol pro day 
(glasses) 
1.93 ± .46 2.67 ± .68 p = .353 
Had conducted a 
low-carb diet 
3 of 27 0  
BDI 10.31 ± 1.65 3.76 ± .62 p = .001 
FSMC (total) 51.87 ± 3.69 29.04 ± 1.60 p < .001 
FSMC (cognitive) 25.93 ± 1.85 13.65 ± .81 p < .001 
FSMC (motoric) 25.94 ±1.98 15.39 ± .88 p < .001 
D-MEQ 60.94 ± 1.64 59.22 ± 2.21 p = .527 
Stroop word (sec) 14.94 ± .48 14.94 ± .52 p = .991 
Stroop color (sec) 20.53 ± .58 21.02 ± .62 p = .568 
Stroop conflict (sec) 40.67 ± 2.38 37.59 ± 2.56 p = .383 
d2-R 125.91 ± 5.45 138.38 ± 5.78 p = .124 
Benton 12.45 ± .30 12.58 ± .32 p = .761 
VLMT -reproduction 
(working memory) 
11.41 ± .35 11.96 ± .37 p = .282 
VLMT-reproduction 
(long-term memory) 
3.44 ± .37 3.11 ± .40 p = .554 
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VLMT-recognition 
(long-term memory) 
12.73 ± .31 12.77 ± .33 p = .932 
VLMT-reproduction 
(vulnerability to 
interference) 
3.80 ± .39 3.18 ± .42 p = .283 
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Figures 
 
 
 
 
 
Figure 1 
Experimental setting of the Simon task. The target stimuli (letters) could be located in either 
of the boxes (left or right), as illustrated. Letter A required a reaction of the left hand while 
letter B required a reaction of the right hand. In the top row, the parallel hand conditions are 
illustrated, while crossed hand conditions are shown in the button row. The compatible 
conditions are shown on the left side of the figure while the incompatible conditions are 
depicted on the right half. The responding hand is indicated by light grey color. 
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Figure 2 
LRP for the component cluster S (LRP-S) at electrode pair C3/C4. Time point zero denotes 
the stimulus onset. The time intervals (220-240 ms) used for quantification of LRP-S are 
denoted in semi-transparent blue color. Regardless of the hand position, RLS patients had a 
less positive LRP-S in the evening than in the morning in the incompatible condition (please 
compare the yellow and light green curves in the two left graphs), but not in the compatible 
condition. Such an effect was not observed in the healthy controls. LRP-S are depicted for 
RLS patients and healthy controls in the parallel and crossed hand positions separately. Of 
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note, the polarities of LRP-S are affected by the lateralized stimulus processing and are 
therefore different between parallel and crossed hands. The source localization showed that 
the effect observed in the RLS patients emerges from activation differences (evening-morning) 
in premotor cortex (BA6 and BA8) and superior parietal cortex (BA7), which are depicted 
below the LRP-S. RLS patients have a smaller activity within the non-executive hemisphere 
(the hemisphere not responsible for the motor execution of the motor response) in the evening 
than in the morning. This likely indicates a smaller automatic activation of false response 
tendencies within the non-executive hemisphere in the evening compared to in the morning. 
The responding hand is indicated by light grey color. Executive hemispheres (motor response) 
are marked with red circles, while non-executive hemispheres are not marked. 
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Figure 3 
LRP for the component cluster C (LRP-C) at electrode pair C3/C4. For RLS patients, 
condition differences (incompatible-compatible) were larger when hands were parallel (upper 
left graph) than when hands were crossed. Such an effect could not be found in the healthy 
controls. Mean values of condition differences (incompatible-compatible) are presented for 
each group and for each hand position in the bar diagram in the middle of the graph. Error 
bars denote the standard error of the mean (SEM). Significant differences (p< .05) are denoted 
out with an asterisk. LRP-C curves for all conditions are separately depicted for RLS patients 
and healthy controls in the upper and lower half of the figure, respectively. 
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Figure 4 
LRP for the component cluster R (LRP-R) at electrode pair C3/C4. For RLS patients, 
condition differences (incompatible-compatible) were larger when hands were parallel (upper 
left graph) than when hands were crossed. Such an effect could not be found in the healthy 
controls. Mean values of condition differences (incompatible-compatible) are presented for 
each group and for each hand position in the bar diagram in the middle. Error bars denote the 
standard error of the mean (SEM). Significant differences (p< .05) are denoted with an 
asterisk. LRP-R curves for all conditions are separately depicted for RLS patients and healthy 
controls in the upper and lower half of the figure, respectively. 
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Figure 5 
The lateralization of N1 and N2PC (ERLs for the component cluster S) at electrode pair P7/P8. 
Time point zero denotes the stimulus onset. No group-related effects were found for N1 and 
N2PC. As no differences related to hand position were found, the lateralization of N1 and N2PC 
were illustrated as the mean value of the ERLs for both hands. ERL-S curves for compatible 
and incompatible conditions are separately depicted in the upper and lower half of the figure, 
respectively. 
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Group-unrelated effects 
Behavioral data  
The mixed effects ANOVA on the number of hits revealed two main effects: a main effect of 
“hand position” (F(1,46) =9.46; p = .004; η
2
 = .171) showed that the accuracy was higher 
when trials were executed with parallel hands (109.68 ± .89) than with crossed hands (108.09 
± .88). The other main effect of “compatibility” (F(1,46) =138.61; p < .001; η
2
 = .751) 
showed that there were more correct responses in the compatible condition (115.17 ± .46) 
than in the incompatible condition (102.60 ± 1.33). An interaction of “daytime x hand 
position x compatibility x first appointment” (F(1,46) =6.84; p = .012; η
2
 = .129) was found. 
Post hoc t-tests showed that for the participants who had their evening appointment first, hand 
position-generated differences were found in the incompatible condition (t(20) =4.10; p 
= .001; parallel hand: 109.62 ± 1.60; crossed hand: 105.00 ± 1.22) in the morning (at their 
second appointment). However, such a difference could neither be found for the compatible 
condition in the morning nor for any conditions in the evening (at their second appointment) 
(all t < 1.64; all p > .116). For participants whose first appointment was in the morning, no 
hand position-generated differences were found (all t < 1.62; all p > .117). No other effects 
were significant (all F <3.90; all p > .054). 
 
For the hit RTs, the mixed effects ANOVA revealed a main effect of “hand position” (F(1,46) 
=125.68; p < .001; η
2
 = .732) showing that participants responded more slowly in crossed-
hand trials (549 ms ± 8) than in parallel-hand trials (498 ms ± 5). There was also a main effect 
of “compatibility” (F(1,46) =442.75; p < .001; η
2
 = .906) with longer RTs in the incompatible 
condition (554 ms ± 7) than in the compatible condition (492 ms ± 6). There was furthermore 
an interaction of “hand position x compatibility” (F(1,46) =12.70; p = .001; η
2
 = .216). Post 
hoc t-tests showed that the Simon effect (i.e. incompatible – compatible) was larger when 
participants responded with crossed hands (incompatible - compatible: 71 ms ± 5) compared 
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to parallel hands (incompatible - compatible: 52 ms ± 3) (t(49) =3.62; p = .001). Another 
interaction of “daytime x compatibility x first appointment” (F(1,46) =11.70; p = .001; η
2
 
= .203) was found. Post hoc t-tests revealed that participants whose first appointment was in 
the evening showed a significant daytime effect for incompatible trials with faster responses 
in the morning (their second appointment)(551 ms ± 10) than in the evening (their first 
appointment) (568 ms ± 11) (t(20) =2.78; p = .012). There was no such effect for the 
compatible condition (t(20) =1.31; p = .206). In contrast to this, participants who had their 
first appointment in the morning responded faster in the evening (their second appointment) 
than in the morning (their first appointment) in both conditions (compatible condition: t(28) 
=-4.24; p < .001; evening: 476 ms ± 8; morning: 498 ms ± 8; incompatible condition: t(28) =-
4.36; p < .001; evening: 532 ms ± 9; morning: 561 ms ± 10). In short, participants who had 
their first appointment in the evening showed a learning effect only in the incompatible 
condition, while participants who had their first appointment in the morning showed a 
learning effect in both conditions. No other group-unrelated effects were significant (all F 
<2.85; all p > .098). 
 
LRP for the component cluster S (LRP-S) 
The mixed effects ANOVA revealed a main effect of “compatibility” (F(1,45) =4.71; p = .035; 
η
2
 = .095). LRP-S amplitudes were more positive in the incompatible condition (3.56 µV/m² 
±.46) than in the compatible condition (2.25 µV/m² ± .47). An interaction effect of 
“compatibility x hand position” was also found (F(1,45) =70.69; p < .001; η
2
 = .611). Post hoc 
t-tests showed that LRP-S amplitudes were more positive in the incompatible condition (8.40 
µV/m² ± .88) than in the compatible condition (-2.60 µV/m² ± .74) when hands were parallel 
(t(48) =-7.38; p < .001), whereas LRP-S were more positive in the compatible condition (7.07 
µV/m² ± .80) than incompatible condition (-1.06 µV/m² ± .48) when hands were crossed (t(48) 
=8.28; p < .001)). No other group-unrelated effects were significant (all F <2.83; all p > .100). 
 
LRP for the component cluster C (LRP-C) 
The mixed effects ANOVA revealed a main effect of “compatibility” (F(1,45) =45.09; p 
< .001; η
2
 = .500) showing that LRP-C was positive in the incompatible condition (8.03 
µV/m² ± 1.26) but negative in the compatible condition (-6.47 µV/m² ± 1.05). Another main 
effect of “hand position” (F(1,45) =14.60; p < .001; η
2
 = .245) showed that LRP-C amplitude 
was positive when task was executed with parallel hands (1.87 µV/m² ± .53), but negative in 
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crossed hands (-.31 µV/m² ± .49). No other group-unrelated effects were significant (all F 
<2.32; all p > .135). 
 
LRP for the component cluster R (LRP-R) 
The mixed effects ANOVA revealed a main effect of “compatibility” (F(1,45) =28.11; p 
< .001; η
2
 = .385) showing that the LRP-R amplitudes were more negative in the incompatible 
condition (-26.79 µV/m² ± 2.51) than in the compatible condition (-20.18 µV/m² ± 1.49). No 
other group-unrelated effects were significant (all F <3.75; all p > .059). 
Lateralization of N1 (Early posterior ERL) 
The mixed effects ANOVA revealed an interaction effect of “daytime x compatibility” 
(F(1,45) =5.14; p = .028; η
2
 = .103). In the incompatible condition (t(48) =-1.70; p = .048), 
participants had a larger lateralization of N1 in the evening (-3.85 µV/m² ± .69) than in the 
morning (-2.17 µV/m² ± .93). This effect could not be found in the compatible condition (t(48) 
=1.37; p = .088). No other group-unrelated effects were significant (all F <3.72; all p > .060). 
 
N2PC (Late posterior ERL) 
The mixed effects ANOVA revealed an interaction effect of “daytime x first appointment” 
(F(1,45) =12.05; p = .001; η
2
 = .211). Post hoc t-tests showed that only participants who had 
their first appointment in the morning exhibited a learning effect ( t(27) =-3.37; p = .002): 
They had a larger lateralization in the evening (at their second appointment) (-12.90 µV/m² ± 
1.62) than in the morning (at their first appointment) (-9.44 µV/m² ± 1.32). Participants who 
had their evening appointment first did not show this effect (t(20) =1.49; p = .153). Another 
interaction effect of “compatibility x first appointment” (F(1,45) =4.14; p = .048; η
2
 = .084) 
showed that the participants who had their morning appointment first had a larger N2PC in the 
compatible condition (-11.62 µV/m² ± 1.34) than in the incompatible condition (-10.72 µV/m² 
± 1.45) (t(27) =-2.03; p = .026). Participants who had their evening appointment first did not 
show this difference (t(20) =-1.00; p = .164). No other group-unrelated effects were 
significant (all F <3.30; all p > .076). 
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CHAPTER 5:  
GENERAL DISCUSSION 
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5.1 Discussion of the main findings 
5.1.1 Summary of the main findings 
This thesis aimed to investigate potential cognitive control deficits and the underlying 
biochemical, neurophysiological and neuroanatomical mechanisms in RLS. The first study 
examined the potential relationship between thalamic GABA levels and cognitive control 
performances in RLS patients. Compared to healthy controls, RLS patients displayed 
impaired cognitive control performances which were most likely based on reduced working 
memory capacity. Elevated thalamic GABA levels attenuated these working memory-based 
control deficits in RLS patients, even though there were no group differences referring to 
overall GABA levels. Such compensatory effect of thalamic GABA could not be found in 
healthy controls. 
The second study investigated the potential circadian variation of cognitive control for 
resisting stimulus-stimulus interferences in RLS patients. RLS patients exhibited larger 
flanker interference effects in the evening than in the morning, which resulted from reduced 
nocturnal attentional control. A comparable circadian variation could however not be 
observed in healthy controls. It was also demonstrated that this daytime-dependent reduction 
in attentional control arose from reduced activation within the extra-striate visual cortex. Later 
cognitive control processes such as conflict monitoring and response selection were not 
affected by RLS. 
The third study examined the potential circadian variation of cognitive control in the context 
of stimulus-response conflicts. RLS patients exhibited better performances in the conflicting 
situation in the evening than in the morning. It has been shown that RLS patients 
paradoxically benefited from their pathology, as enhanced task performances in the evening 
were attributed to reduced formation of incorrect responses, which decreases the interferences 
with the top-down selection of the correct responses. The reduced automatic response 
activation relied on decreased activation within the premotor cortex and superior parietal 
cortex, which have been suggested to be involved in visuo-motor integration (Gottlieb, 2007; 
Moores et al., 2003) and sensory guidance of movements especially the integration of spatial 
information for this purpose (Cisek and Kalaska, 2005; Graziano et al., 1994). By comparison, 
the top-down response selection for the correct response remained intact in RLS patients.  
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5.1.2 Inconsistent findings of cognitive functions in RLS: what should be considered in 
cognitive assessments of RLS? 
There are some unresolved questions regarding cognition in RLS patients. One unknown is 
whether cognition is really impaired in patients with RLS (Jung, 2015). Although most 
studies provide evidences for cognitive dysfunction in RLS, several studies show that RLS 
patients have same or even better behavioral performances in cognitive tests as compared to 
healthy controls (Driver-Dunckley et al., 2009; Lee et al., 2014; Moon et al., 2014; Rist et al., 
2015). The discrepancies among studies are suggested to depend on different sample size, age 
group, assessed cognitive domains, applied neuropsychological tests and medication effects 
(Jung, 2015). Still, two critical factors might have been so far overlooked. Based on the 
current findings that cognitive performances of patients vary according to the daytime (Study 
II & III), the time when the cognitive assessment is conducted also seems to matter. 
Unfortunately, the role of circadian rhythm in cognitive control has as yet not been addressed 
in RLS research. Aside from this, the conflicting findings might be attributable to 
methodological limitations. Until now, the assessment of cognitive functions in RLS has been 
mainly based on neuropsychological tests. Only very few EEG/ERP studies have been 
conducted (Jung, 2015). Considering the paradoxical effect observed in the Simon task (Study 
III), it is likely that RLS pathophysiology underlies the better behavioral performances 
observed in some studies. Together, the present studies highlight the importance of time of 
day in RLS cognitive assessment, and stress the necessity of examining the underlying 
neurophysiological mechanisms in addition to behavioral measurement. In future studies, the 
test time should be strictly controlled and more sophisticated methods should be applied. 
 
5.1.3 Cognitive deficits in RLS: nothing but consequences of sleep disturbance or “side 
effect” of RLS symptoms? 
Another disputed issue is whether cognitive deficits in RLS have their own pathological basis 
or are only the indirect effect of other complaints. Some potential factors including sleep 
disturbance and sensory-motor symptoms are able to influence cognitive performances of 
patients. It is well-known that cognitive control is particularly vulnerable to sleep restriction 
(Lowe et al., 2017; McCoy and Strecker, 2011). Since most RLS patients reported decreased 
sleep duration and quality (Fulda et al., 2010; Winkelman et al., 2009), it is possible that 
observed cognitive deficits in the current studies are a result of sleep disturbance in RLS. 
 
129 
Apart from this, RLS symptoms in the evening can cause motor restriction and distractions, 
which might be the reason for the decreased nocturnal cognitive performances in the Flanker 
task (Study II). However, neither sleep loss nor RLS symptoms in the evening could explain 
the better behavioral performance of patients in the Simon task at night (Study III). 
Furthermore, no relationships between cognitive performances and sleep or RLS severity 
were found in the current studies. The missing influence of sleep and sensory-motor 
symptoms on cognitive performances parallels the findings of previous studies on cognition in 
RLS (Celle et al., 2010; Fulda et al., 2011). It is suspected that RLS patients may have 
developed some compensatory strategies such as to face their chronic sleep restriction and 
have consequentially become less sensible to sleep loss as compared to healthy controls. 
Together, it seems more reasonable to attribute cognitive deficits in RLS to basic pathological 
changes in RLS rather than the consequences of sleep loss or “side effect” of RLS symptoms. 
The next three sections will expand on how RLS pathologies might modulate the cognitive 
control in RLS. 
 
5.1.4 Thalamic GABAergic modulation of cognitive control in RLS 
In study I, the effect of thalamic pathology on cognitive control in RLS was examined. As 
expected, RLS patients showed impaired working memory performances. Elevated thalamic 
GABA attenuated these deficits in RLS patients, which might be attributable to the two main 
effects of thalamic GABA. First, the inhibitory effect of GABA on thalamic activity might 
account for its compensatory role in cognitive control. It is known that the relationship 
between cognitive performance and thalamic activity obeys the Yerkes-Dodson law. While 
the low stimulation of the thalamus enhances the working memory, overstimulation impairs 
the working memory (Mair et al., 2011). Further given that experimental electric stimulation 
in patients with refractory epilepsy treated with deep brain stimulation patients has been 
shown to cause more working memory-related errors (Peräkylä et al., 2017), the observed 
control deficits in RLS patients are quite likey linked to thalamic hyperactivity in RLS 
(Astrakas et al., 2008; Bucher et al., 1997; Margariti et al., 2012; Rizzo et al., 2012). Thalamic 
GABA may attenuate the cognitive control impairments of RLS patients by normalizing their 
aberrant activity level.  
Futhermore, thalamic GABA is likely to contribute to cognitive control in RLS by enhancing 
thalamo-cortical rhythmus activity and promoting cortical synchronization (Llinás et al., 2005; 
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Rovó et al., 2014). It has been demonstrated that RLS patients have reduced thalamic 
connectivity with the cortex such as the right parahippocampal gyrus (Ku et al., 2014), which 
has been presumed to contribute to the formation and maintenance of bound information 
(Luck et al., 2010). Also, RLS patients showed decreased local gamma-band activity as well 
as reduced interregional gamma- and delta-band phase synchronization (Choi et al., 2017, 
2012), which are thought to play an important role in working memory (Harmony, 2013; 
Senkowski and Gallinat, 2015). As delineated in chapter 1.6.2, thalamic GABA fosters 
thalamo-cortical communication (Halassa and Acsády, 2016) and serves as pacemaker 
promoting cortical synchrony (Neske, 2016; Pratt et al., 2017), it is therefore possible that 
elevated thalamic GABA levels have compensated for these pathological changes in RLS. 
Given that healthy controls did not suffer from the same pathological changes that would 
require any kind of neurobiochemical compensation as RLS patients, it seems logical that 
they did not benefit from higher thalamic GABA levels in the same way as the patients.  
It is important to note that changes in GABAergic neurotransmission might not be the 
ultimate cause of the observed control deficits because of the absence of group differences in 
overall thalamic GABA levels. Other RLS pathologies such as dopaminergic dysfunction 
(Allen, 2015; Cervenka et al., 2006; Earley et al., 2011; Michaud et al., 2002), which closely 
interact with GABA (Barch and Ceaser, 2012; Dandash et al., 2017; Scheel-Krüger, 1986) 
may contribute to the observed cognitive control deficits (see chapter 5.1.6 for more 
discussions). On this account, it could be relevant for future studies to take different factors 
into account when investigating thalamic modulation.  
The investigations of compensatory effect of thalamic GABA on cognitive control are not 
only useful for deepening our understanding of the underlying mechanisms but also have 
clinical implications. The compensatory effect of thalamic GABA on working memory can 
bring patients enormous benefits, as reduced working memory performances (Kim et al., 2014 
& Study I) could tremendously impede patients’ professional lives. Although anticonvulsants 
like gabapentin and pregabalin, which mimic the effect of GABA, have been proven to 
attenuate RLS symptoms, their effect on cognitive control has still not been investigated. 
Current studies may help and encourage future studies aiming to improve clinical treatments 
for cognitive deficits in RLS. 
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5.1.5 Circadian variation of cognitive control and related dopaminergic modulation in 
RLS 
With respect to the effect of dopaminergic dysfunction (i.e. striatal DA deficiency at night) on 
cognitive control in RLS, it was hypothesized that abnormal circadian variation of cognitive 
control would be observed in patients with RLS. In accordance with the hypothesis, RLS 
patients showed reduced attentional control in the evening compared to the morning. The 
same variation was not seen in healthy controls (Study II). As explained in chapter 1.7.2, 
striatal DA deficiency affects cognitive control by foremost modulating PFC activity via 
cognitive cortico-BG loops. It was thus expected that the attenuated attentional control in RLS 
at night is associated with decreased PFC activity, which subsequently exerts its top-down 
control by modulating the attentional processes in posterior areas. Surprisingly, the reduced 
activation was only found within the extra-striate visual cortex but not in the PFC indicating 
that reduced attentional control was not mediated by cognitive cortico-BG loops. Furthermore, 
other PFC mediated cognitive control such as conflict monitoring and response selection was 
not affected by RLS. Overall, no changes were observed in PFC activity, which is mainly 
modulated by associative and limbic cortico-BG loops. 
As Royall et al. (2002) pointed out, “Cognitive control can be compromised without changes 
in PFC metabolism”. Cognitive control is not only determined by the activity of brain region 
but also the interactions between functional regions (Barbas, 2000; Barbas et al., 2013; 
Barceló et al., 2000; Herrmann and Knight, 2001; Miller and Cohen, 2001; Noudoost and 
Moore, 2011b), so changes in the effectiveness of communicating top-down signals from the 
PFC to posterior visual area may underpin the impaired attentional control at night. In 
addition to affecting PFC activity, previous studies have shown that striatal DA is able to 
modulate frontal-posterior functional connectivity (Tomasi et al., 2009; van Schouwenburg et 
al., 2010). Aside from the closed cortico-BG loops, which start from the frontal lobe and end 
at the same region, BG is thought to be able to receive the input from the PFC and thereafter 
affect activity in other regions through diverse thalamo-cortical pathways (Tomasi et al., 
2009). By enhancing the inhibitory effect of BG, striatal DA deficiency may attenuate the top-
down control of the PFC on extra-striate visual cortex resulting in reduced activity in 
posterior areas at night. Together, striatal dopaminergic deficiency at night seems to affect the 
attentional control by attenuating the cortico-cortical functional connectivity rather than PFC 
activity via cognitive cortico-BG loops (see figure 9). 
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Apart from attentional control, RLS patients showed reductions in DA-regulated (non-
executive) automatic response activation other than controlled response selection at night. The 
reduced automatic response activation depended on diminished activities in the motor and 
motor-related areas (i.e. premotor cortex and superior parietal cortex) instead of in the PFC 
(Study III). It is suggested that automatic response activation is primarily modulated by motor 
areas and mediated by motor loops, while goal-directed control processes like response 
selection primarily depend on PFC activity and cognitive loops (Balleine and O’Doherty, 
2010; Forstmann et al., 2008; Graybiel, 2008; Stürmer et al., 2000). In this regard, it seems 
that motor loops rather than cognitive loops were affected by RLS. A similar phenomenon can 
be found in patients with PD, which is characterized by progressive loss of dopaminergic 
neurons. PD patients suffer from predominant DA loss in the posterior putamen (part of motor 
loops) and accordingly show more severe impairments in visuo-motor priming than 
subsequent cognitive control processing (Falkenstein et al., 2006; Praamstra and Plat, 2001; 
Figure 9 Striatal dopaminergic modulation of cortico-cortical functional connectivity in RLS: This 
figure depicts striatal dopaminergic modulation of anterior-posterior functional connectivity across 
different daytimes (day vs. night) in RLS patients. Striatal DA deficiency at night is thought to 
attenuate the top-down control of PFC on extra-striate visual cortex by enhancing the inhibitory 
effect of BG on posterior areas. Unaltered PFC activity suggests relatively intact cortico-BG 
cognitive loops in RLS. Excitatory projections are denoted by black arrows, inhibitory connections 
by red arrows. Reduced interregional connectivity in RLS at night is depicted by dashed lines. The 
thickness of the lines indicates the strength of the modulation. 
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Redgrave et al., 2010). Taken together, motor loops are seemingly more vulnerable to 
dopaminergic dysfunctions (i.e. striatal DA deficiency) than cognitive loops. 
Indeed, the phase or severity of RLS is assumed to affect the DA system (Allen et al., 2009). 
The effect of RLS severity on cortico-BG loops has been demonstrated in a recent study. 
While drug-naive RLS patients showed significantly reduced D2Rs in putamen only, 
advanced RLS patients, who had already begun with dopaminergic treatment showed 
decreased D2Rs not only in putamen but also in caudate (part of associative loops) (Earley et 
al., 2013). Fulda et al. (2011) demonstrated that impaired cognitive control was only found in 
patients with frequent RLS. The cognitive differences to healthy controls disappeared when 
the complete group of RLS patients was included. Based thereon, it is likely that only patients 
with severe RLS exhibit cognitive control deficits emerging from impaired associative loops 
and reduced PFC activity. Because both drug-naive patients and advanced patients were 
included in the current studies, the large variation in RLS patients might be the reason for the 
lack of differences in response control and PFC activity as compared to healthy controls. Due 
to the small sample, the power was not sufficient to detect cognitive control differences 
between the drug-naive and advanced RLS patients in the current studies. However, this 
subject requires further study. 
In sum, RLS patients displayed decreased attentional control and automatic response 
activation/visuo-motor priming in the evening. This is thought to result from the influence of 
striatal DA deficiency on cortico-cortical functional connectivity and motor loops at night 
respectively. Cognitive loops seem to be less prone to RLS than motor loops and the extent of 
involved cortico-BG loops may relate to the severity of RLS. It is also important to emphasize 
that the same pathological mechanism such as DA deficiency at night in RLS can have varied 
effect on different control processes (i.e. reduced attentional control and unaltered response 
control) leading to totally opposite behavioral control performances (i.e. decreased control 
performances in stimulus-stimulus conflicts and enhanced control performances in the 
stimulus-response conflicts at night). 
 
5.1.6 Interactions of striatal, thalamic and cortical neurotransmission in cognitive 
control in RLS 
Neurotransmission in the striatum, thalamus and cortex closely interact with each other 
through multiple bidirectional connections. Even though the effect of thalamic GABA and 
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striatal DA on cognitive control has been separately discussed in the former chapters (see 
chapter 5.1.4 and 5.1.5), their interactions should not be overlooked. Striatal DA deficiency at 
night is thought to reduce the selectively disinhibited projection from the BG to the thalamus 
and thereafter decrease the selective activity in the parietal cortex via thalamo-cortical 
pathways (see discussion in chapter 5.1.5). In this context, thalamic neurotransmission can 
also be involved in these modulatory control processes. Thalamic nuclei such as the pulvinar 
nucleus are supposed to modulate attentional selection by varing the intensity of attentional 
activity directed to the selected target location in posterior areas (LaBerge et al., 2000; Posner, 
1992; Posner and Petersen, 1990). Ku et al. (2014) found that RLS patients displayed reduced 
thalamic connectivity with the right precuneus gyrus which is thought to play a pivotal role in 
attentional control, especially attentional selection (Ester et al., 2016; Ferri et al., 2016). Since 
thalamic GABA enhances the thalamo-cortical connectivity (Cisek and Kalaska, 2005; 
Gottlieb, 2007; Graziano et al., 1994; Saalmann and Kastner, 2011), it is possible that 
elevated thalamic GABA can help increase selective activity in the posterior visual cortex in 
RLS patients and thereby attenuate the attentional control deficits at night. Aside from this, 
thalamic GABA helps synchronize oscillations between different brain regions promoting 
cortico-cortical interactions (Fuentealba and Steriade, 2005; Pinault, 2004). Based thereon, 
relatively higher thalamic GABA may compensate for the reduced cortico-cortical 
connectivity, which is thought to underpin the decreased attentional control at night. The 
effect of thalamic GABA on attentional control at night needs future testing.  
As introduced in chapter 1.7.1 working memory performances are strongly related to cortical 
DA. Because there are multiple thalamo-cortical pathways, cortical DA and thalamic GABA 
may interact with each other and contribute to working memory in RLS. According to Allen 
(2015), the excessive presynaptic DA level is downregulated and optimized in RLS during 
morning hours. However, these homeostatic processes are thought to play a more important 
role in regulating DA activity in subcortical sites (Grace, 1991). Mesocortical DA activity 
may remain hyperactive in the morning. Given that excessive cortical DA impairs working 
memory performance (Arnsten and Goldman-Rakic, 1998; Arnsten, 1997; Murphy et al., 
1996), the non-downregulated cortical DA level of patients in the morning could be the cause 
of the reduced working memory performances (Kim et al., 2014 & Study I3). At the same time, 
excessive cortical DA levels may result in cortical hyperactivity (Allen, 2015; Lanza et al., 
2015), which raises the demand of GABAergic regulation. According to the feedback 
received from the cortex, TRN then enhances the thalamic GABA release so that cortical 
                                                          
3
 Study I was conducted in the morning to avoid symptom-induced artifacts during the MRS scans 
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activity can be dampened down to the optimal level for working memory performances 
(Arnsten and Goldman-Rakic, 1998; Arnsten, 1997; Murphy et al., 1996). Taken together, it is 
most likely that cortical and subcortical neurotransmission in RLS strongly interact with each 
other affecting the functional activity and connectivity in the brain, which leads to changes in 
cognitive control in RLS. 
 
5.2 Methodological outlook 
In chapter 5.1, several conclusions and hypotheses are derived from the current findings. To 
test and support them, some neuroimaging methods may be used. In the following, this thesis 
will address strategies for testing the above proposed ideas with new methods in the future. 
 
5.2.1 Further investigations of the compensatory effect of thalamic GABA on cognitive 
control in RLS  
As discussed in chapter 5.1.4, elevated thalamic GABA levels seem to attenuate working 
memory deficits by normalizing RLS-related thalamic hyperactivity as well as promoting 
thalamo-cortical connectivity. To test this, MRS can be complemented with other 
neuroimaging methods like fMRI, which provides the opportunity to examine not only the 
BOLD responses in certain brain regions (functional activity) but also the association between 
metabolic activities from distributed cortical and/or subcortical areas (functional connectivity) 
during task performance. Even more, the newest graph theoretical analysis can combine the 
functional and structural connectivity
 
measurement4 to describe the efficiency and 
synchronizability of brain networks (Bullmore and Sporns, 2009). By these means, we will be 
able to examine the effect of thalamic GABA levels on brain activity and connectivity, as well 
as the efficiency of various networks within RLS patients and their relationship to cognitive 
performances. Patients with relatively high thalamic GABA levels will be predicted to exhibit 
enhanced performances along with decreased thalamic and cortical activity, enhanced 
functional thalamo-cortical connectivity and more efficient brain networks as compared to 
RLS patients with relatively low thalamic GABA levels.  
 
                                                          
4
 Structural connectivity is usually measured by diffusion tensor imaging (DTI). 
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5.2.2 Further investigations of the effect of dopamine dysfunction on cognitive control in 
RLS 
Unlike thalamic GABA, which is thought to have a compensatory effect on cognitive control, 
dopaminergic dysfunction is thought to underpin the cognitive control deficits in RLS (Fulda 
et al., 2011; Kim et al., 2014; Pearson et al., 2006). Likewise, the reduced attentional control 
observed in the current study is thought to be related to DA deficiency at night. So far, the 
strongest evidence for a DA-related cognitive dysfunction in RLS arises from the effect of 
DA agonists (Jung et al., 2015; Kim et al., 2014; Lee et al., 2014). Cognitive performances of 
patients assessed by neuropsychological tests (e.g. word frequency, digit symbol coding and 
verbal memory) increased after the treatment with pramipexole, a DA agonist for treating 
RLS (Kim et al., 2014). In a recent ERP study, pramipexole administered over 12 weeks 
every night 1 hour before bedtime, improved reaction time and reduced errors of patients in a 
working memory task. Along with enhanced task performance, parietal P300 amplitude, 
which is thought to reflect memory searching processes (Bledowski et al., 2006) increased 
after the treatment with pramipexole (Jung et al., 2015). Yet, this study used a within-subject 
design and did not compare the improvement of patients with healthy controls. Considering 
that both L-DOPA and DA agonists also increase cognitive functions including working 
memory in healthy controls (Kimberg et al., 1997; Nieoullon, 2002), it is unclear whether 
RLS patients benefits from DA agonists the same as healthy controls. Together, to date, a 
causal link between dopaminergic dysfunction and observed control deficits in RLS has been 
far from established. 
Furthermore, it is still poorly understood, how dopaminergic dysfunction affects cognitive 
control in RLS. To gain a deeper insight into this, cognitive performances can be directly 
related to dopaminergic neurotransmission, which can be assessed by Positron Emission 
Tomography (PET) imaging. For example, it will be interesting to examine whether reduced 
attentional control and visuo-motor priming at night are positively correlated with decreased 
striatal D2R levels in RLS patients. In addition, as illustrated in chapter 5.1.6, DA closely 
interact with other neurotransmitters such as glutamate and GABA (Barch and Ceaser, 2012; 
Dandash et al., 2017; Scheel-Krüger, 1986). By complementing PET with MRS, which is 
used to measure the concentrations of glutamate and GABA, we can test whether attentional 
control in RLS patents is determined by both striatal DA transmission and thalamic GABA 
levels, and whether the cognitive control deficits caused by DA dysfunction can be mitgated 
by elevated GABA concentration in the thalamus. 
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5.3 Future research subjects 
Aside from providing suggestions for testing the current hypotheses with new methods, this 
section will attempt to identify several research pathways for future studies, which could be of 
theoretical and practical importance. 
 
 5.3.1 Further investigations of circadian variations of different control components and 
related dopaminergic modulation in RLS 
As already discussed in chapter 5.1.5, the same pathological changes can have distinct effects 
on different control components. Impairments in one component do not mean deficits in 
another. This might be because different control components depend on different brain areas 
and possibly different neurotransmitter systems (Barnes et al., 2011; Catani and Schotten, 
2012; Hanna-Pladdy, 2007; Yang and Raine, 2009). It is therefore necessary to examine 
different components individually. 
In RLS patients, the effect of circadian rhythm on different component processes of cognitive 
control seems to differ. During the morning, the cognitive control required to resist 
interferences caused by distracting stimuli or the prepotent response tendency remained 
unaltered (Study II & III), while working memory performances of patients was hampered 
(Kim et al., 2014 & Study I). This inconsistency can be nicely explained by Cools and 
D’Esposito (2011): “The distinct components might implicate the PFC and striatum 
respectively. Manipulating DA will thus have paradoxical consequences of distinct cognitive 
control processes, depending on distinct basal or optimal levels of DA in different brain 
regions”. As discussed in the chapter 5.1.6, working memory is mainly dependent on DA in 
the PFC, and deficits in the morning might be attributed to excessive cortical DA levels. By 
contrast, interference control (Study II & III) may more strongly depend on mesostriatal DA, 
as striatal DA plays an essential role in gating and selecting the goal-relevant cortical 
representations (illustrated in chapter 1.7.2). Since excessive presynaptic DA levels in the 
striatum can be optimized by downregulated D2Rs during the morning, the unaffected 
interference control may be a result of the optimized striatal DA level. Current findings may 
indicate different circadian patterns of striatal and cortical DA levels in RLS patients. 
Further investigations of circadian variations in working memory, which has so far not be 
examined in the evening, would shed light on the circadian variation of cortical DA in RLS 
 
138 
patients. As DA level goes down in the evening, it is expected that RLS patients would have 
the optimal cortical DA levels for working memory and show comparable or even better 
performances than healthy controls at night. Further study should also center on diurnal 
changes in cognitive flexibility, another major component of cognitive control, which is built 
on inhibition and working memory (Diamond, 2013). Cognitive flexibility is thought to be 
oppositely modulated by D1R and D2R activity (Durstewitz and Seamans, 2008). While D1R 
activation makes it hard to switch between mental representations promoting stability 
(Durstewitz et al., 2000), D2R activation advances flexibility and is crucial for successful task 
switching (Markett et al., 2011; Stelzel et al., 2010). Against the background that D1Rs are 
abundant in the PFC (Gaspar et al., 1995; Missale et al., 1998; Santana et al., 2009) and D2Rs 
are dominant in striatum (Connor et al., 2009), cognitive flexibility may reflect the interaction 
of cortical and striatal DA in RLS and should be investigated in the future.  
With respect to the practical implications, the investigation of circadian variations of different 
cognitive control components would bring patients direct benefits with minimal costs. The 
resultant knowledge could help patients develop a suitable daytime schedule such as avoiding 
tasks with high working memory load in the morning and preventing tasks with high demand 
of attentional control in the evening. 
 
5.3.2 On the necessity of differentiating tonic and phasic dopaminergic release in RLS 
RLS symptoms do not appear at any time in the evening and/or at night. Instead, they occur or 
get worse only during the periods of rest or inactivity, which is another diagnostic 
characteristic of RLS in addition to the abnormal circadian rhythm (see chapter 1.1). This 
feature necessitates distinguishing between tonic (slow single-spike) and phasic (burst) firing 
patterns of DA neurons (Grace and Bunney, 1983). While the “background” tonic 
dopaminergic release is sustained and regulated by prefrontal cortical afferents (Grace, 1991; 
Grace and Bunney, 1984a), phasic dopaminergic release is triggered by behaviorally relevant 
stimuli (Grace and Bunney, 1984b). Accordingly, tonic dopaminergic release is dominant at 
rest, whereas phasic dopaminergic release is dominant during task performances. It is known 
that tonic and phasic firing have different influences on D1R and D2R activity. While tonic 
firing of DA neurons activates D2R, an increase in phasic firing enhances the D1R activity 
and decreases the activity of D2R (Dreyer et al., 2010; Gerfen, 2010; Gerfen et al., 1990; 
Keefe and Horner, 2010). During the rest period at night, downregulated D2R in RLS along 
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with decreased tonic DA release at night may diminish the activity of the D2R-mediated 
indirect pathway, which has an inhibitory effect on cortical activity (see chapter 1.7.2). This 
cortical disinhibition may underlie the symptoms like motor restlessness and dyskinesia of 
RLS patients.  
The downregulated striatal D2R in RLS can also affect the phasic firing induced by task 
stimuli (Grace, 2016; Lodge and Grace, 2006). In healthy controls, phasic firing decreases the 
D2R activity, which leads to suppression of the indirect pathway, thereby enhancing the 
cortical activity. In comparison, reduced D2R in RLS would decrease this suppression of the 
indirect pathway resulting in stronger inhibition of cortical activity during task performing, 
which is in accordance with the reduced cortical activity observed in RLS patients (Study II & 
III). Yet, it remains to be explained why reduced cortical activity of patients was only 
observed at night but not in the morning. Given that other DA-related diseases such as ADHD 
show altered tonic as well as phasic dopaminergic release (Badgaiyan et al., 2015; Levy and 
Dadds, 2014; Sikström and Söderlund, 2007), it is very likely that task-induced phasic 
dopaminergic release is affected by RLS as well. Also, “background” tonic firing, which 
might have a major effect on circadian variation, cannot be fully excluded during the task 
performing. Moreover, it is possible that abnormal circadian variation of tonic firing may 
affect the phasic firing of DA neurons by changing the threshold of firing.  
To date, the importance of the differentiation of the tonic and phasic dopaminergic release has 
not been emphasized in RLS studies. Dopaminergic neurotransmission, functional 
connectivity, cortical and subcortical functional activity have been examined at the resting 
state only (Earley et al., 2013; Gorges et al., 2016; Ku et al., 2016, 2014; Margariti et al., 2012; 
Zhuo et al., 2017), but not during task performing. Studies done during task performances are 
an important next step in revealing the underlying mechanism of cognitive deficits in RLS. 
 
5.4 Summary and conclusions 
In sum, this thesis investigated cognitive control and the underlying mechanisms in RLS. 
Cognitive control processes were variedly affected by RLS across different daytimes. This 
could on the one hand rely on contributions of different RLS pathologies: During the morning, 
RLS patients displayed reduced working memory performances as compared to healthy 
controls. These working memory-based control deficits were attenuated by elevated thalamic 
GABA levels. Relatively high GABA levels are thought to compensate for pathological 
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changes like thalamic and cortical hyperactivity and hypoconnectivity, which may underpin 
the working memory deficits in RLS patients. By contrast, interference control performances 
that are assumed to be strongly modulated by striatal DA were comparable between RLS 
patients and healthy controls in the morning, which may be related to the homeostatically 
optimized striatal DA level in RLS patients in the morning. On the other hand, the same 
pathological mechanism such as striatal DA deficiency at night seems to have varied effect on 
different control processes leading to totally opposite behavioral control performances at night. 
Attentional control was demonstrated to decrease in RLS patients at night compromising the 
control performances in stimulus-stimulus conflicts, while other cognitive control processes 
such as response selection and conflict monitoring remained unaltered. Additionally, DA-
regulated (non-executive) automatic response activation instead of top-down controlled 
response selection reduced in RLS patients in the evening, which decreased the interference 
control demand and enhanced the behavioral performances in stimulus-response conflicts. 
Decreased attentional control and automatic response activation at night are thought to rely on 
the effect of striatal DA deficiency on functional cortico-cortical connectivity and cortico-BG 
motor loops, which led to reduced activation in the extra-striate visual cortex and motor-
related areas, respectively. Since no changes in PFC activity were observed, cognitive loops 
seem to be less prone to RLS.  
Importantly, the current findings not only shed light on the underlying mechanisms of 
cognitive changes in RLS, but also have beneficial implications. New emphasis on 
compensatory effect of thalamic GABA may help improve clinical treatments for cognitive 
deficits in RLS, while new insights into daytime-related cognitive control may help patients 
develop a suitable daily schedule such as avoiding tasks with high working memory load in 
the morning and preventing tasks with high demand of attentional control in the evening. 
Last but not least, the current studies address questions for future investigations. Summing up 
what has been discussed in chapter 5, the following aspects concerning different modulators, 
RLS pathophysiology and major component processes of cognitive control could be relevant 
for future research endeavor (see figure 10): 
1) Research on the circadian variation of cognitive control in RLS with respect to 
different component processes. 
2) Research on the effect of RLS medication like anticonvulsants and DA agonists on 
different components of cognitive control. 
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3) Research on the effect of disorder progression on cognitive control by comparing 
drug-naive and advanced patients. 
4) Research on the different modulation of cortical vs. striatal DA on cognitive control in 
RLS. 
5) Research on the changes in neurotransmission, interregional connectivity, cortical and 
subcortical functional activities of RLS patients during task performing and their 
relationship to cognitive control by means of various neuroimaging methods like PET5, 
MRS6, Diffusion Tensor Imaging (DTI)7, fMRI8. 
6) Research on the different role of tonic and phasic dopaminergic release in cognitive 
control in RLS. 
 
 
 
 
 
 
                                                          
5
 PET: for assessment of dopaminergic neurotransmission 
6
 MRS: for assessment of glutamatergic and GABAergic neurotransmission 
7
 DTI: for assessment of structural connectivity 
8
 fMRI: for assessment of functional activity and connectivity 
Figure 10 Effect of relevant modulators and pathophysiology on cognitive control in RLS: This 
figure depicts several important modulators and pathophysiology, which might contribute to 
alterations in cognitive control in RLS. Of note, referring to RLS pathophysiology, changes of 
neurotransmission can affect the functional activity as well as connectivity in RLS. Also, different 
neurotransmitters closely interact with each other.  
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